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ABSTRACT
Phase equilibrium diagrams for systems containing 
compounds found in coal liquids and heavy crude oil are 
useful in designing separation processes and also in 
testing and developing of thermodynamic models.
Solid-liquid equilibrium (SLE) data are easy to obtain 
compared with vapor-liquid equilibrium (VLE) data for 
systems that are solid near room temperature, because the 
solids melt to liquids and have relatively high boiling 
points.
It may be possible to extrapolate activity coefficients 
derived from SLE data to higher temperatures and thus 
predict vapor-liquid equilibrium. This dissertation 
presents new SLE and VLE data for compounds related to 
coal liquids. The problem of obtaining VLE data from SLE 
data is investigated.
Vapor-liquid equilibrium data were measured at 170 
and 190 * C for 15 binary and 8 ternary systems containing 
polynuclear aromatic compounds. Binary VLE data were 
correlated using five different activity coefficient 
models and regular solution theory to determine the non­
ideality of the liquid mixtures. Ternary vapor-liquid
x
equilibrium data were predicted using the interaction 
parameters obtained from regression of binary data 
for the UNIQUAC, Wilson, and regular solution theory 
models.
Solid-liquid equilibrium data were also measured
for five systems containing the same compounds. These 
solid solubility data along with one vapor-liquid point 
were used to predict the vapor-liquid equilibrium curve 
for each binary system. SLE and VLE data were also 
combined to determine global parameters valid from 298 
to 463 K.
Finally, experimental studies and predictions of the 
solid-liquid phase diagram of ternary systems containing 
two solutes were also carried out. The study of such 
phase diagrams is an important tool in analyzing 
various chemical engineering processes such as
crystallization and extraction.
xi
CHAPTER 1
INTRODUCTION
We are all aware of the importance of crude oil in our 
day to day life. Any interruption in the supply of this 
valuable commodity to refineries can have severe 
consequences. Since the crisis in the gulf region, many oil 
importing countries in the world are seriously considering 
alternative sources for energy production and feedstocks for 
their refineries. Coal liquids are one possibility.
Production of synthetic fuels from coal is expensive. 
Their cost of production per barrel, however is not 
comparable to imported oil. Advancement of technology 
can possibly bring down costs, so that eventually, as oil 
prices rise on a permanent basis, coal may be utilized to 
produce liquid fuels economically.
There are two methods of producing coal liquid from coal:
i) The direct method
ii) The indirect method
Direct and indirect coal liquefaction technologies were 
developed and practiced in Germany from 1913 to 1945. During 
the second world war, Germany produced 90 % of its aviation 
fuel (100,000 bbl/day) from coal (Schultz, 1983).
1
2In direct coal liquefaction the coal molecule is broken 
down into low molecular weight compounds by the action of a 
suitable solvent at choosen pressures and temperatures. The 
liquid fragments are then stabilized with hydrogen to 
prevent their recombination to form a coal-like structure 
again. Most scientists working in coal liquefaction 
technology believe that the stabilizing hydrogen is 
provided from polyaromatic solvent molecules such as 
tetralin by the following reaction:
As shown above, tetralin can donate four hydrogen atoms 
to stabilize coal fragments and produce naphthalene. This 
naphthalene can then be hydrogenated to produce tetralin for 
further transfer of hydrogen to coal fragments. Although 
tetralin is a commonly used solvent in liquefaction of coal 
(Exxon solvent donor process), other solvents such as 
dihydroquinoline and tetrahydroquinoline are also used. 
These solvents not only supply hydrogen to stabilize coal 
but also keep the stabilized fragments in solution.
In indirect coal liquefaction, coal molecules are 
completely broken down into hydrogen and carbon monoxide by 
gasification using steam. This synthesis gas is then
Coal
Tetralin Naphthalene
3converted into liquids by reaction over some suitable 
metallic catalyst.
The design of a separation process for the conversion of 
coal to coal liquids and also other synfuels requires three 
essential thermodynamic properties (Tsonopoulos et al.,1986):
i) Vapor-liquid equilibrium
ii) Enthalpy
iii) Density or P-V-T properties
Vapor-liquid equilibria, which include the vapor 
pressure of pure compounds and/or mixtures, are particularly 
important because most separation processes are effected 
through partial vaporization of a liquid mixture. Predicting 
vaporization is a difficult task in multicomponent systems, 
especially those which are non-ideal. According to Nagel 
et al. (1980), nearly 60 % of the BASF company budget on 
basic data measurement goes to measuring vapor pressure 
and vapor-liquid equilibrium data.
According to Coon et al. (1988), few such data exist for 
coal derived chemicals, which generally contain polynuclear 
aromatic hydrocarbons (PAH) and their hetero atom substituted 
analogs. With the slow depletion of crude oil around the 
world, the trend has been (and will continue to be) towards 
heavier feedstocks and coal derived liquid fuels for energy 
production. A substantial database of thermodynamic
4properties has yet to be developed for systems containing 
heavy aromatic compounds in substantial quantities. 
Kestin (1983) also has outlined the need for accurate 
data for coal liquid compounds. Data for these chemicals 
therefore must be obtained before reliable correlations 
can be developed for use in design of process 
equipment and separation processes.
The primary goal of this research is to study vapor- 
liquid equilibrium and solid-liquid equilibrium data for 
both binary and ternary systems containing heavy aromatic 
hydrocarbons and their hetero atom substituted analogs. 
These compounds are typical constituents of coal liquids.
A secondary goal is to compare the activity coefficients 
obtained using vapor-liquid equilibrium data with those 
obtained using solid-liquid equilibrium experiments 
and a suitable thermodynamic model.
The compounds selected for this research are: tetralin,
cis-decalin, 1-methyl naphthalene as solvents and 
naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene as polyaromatic solutes. None of the binary 
and ternary systems comprising these compounds has been 
studied at high temperatures.
The work presented in this dissertation is a combination 
of four publications (Chapters 4, 5, 6, and 7). Most of the
5results of this research are presented in these chapters. 
Other relevant information is given in the remaining 
chapters.
Chapter 2 is a brief survey of the literature for both 
vapor-liquid and solid-liquid work performed in this
research. Since the literature available in this field is so 
vast, I have not covered all of it. For solid solubility, 
I have only reported the work performed in the past with 
heavy aromatic compounds and for vapor-liquid experiments, 
only some of the recent work performed using a recirculating 
still, similar to this work.
Chapter 3 is a detailed discussion of the experimental 
apparatus and procedures for the solid-liquid (both binary 
and ternary systems) and vapor-liquid equilibrium work. 
This chapter also discusses the experimental accuracy and 
uncertainties associated with each experiment.
The first paper titled "Measurement of Vapor-Liquid 
Equilibrium for Binary Systems Containing Polynuclear 
Aromatic Compounds" is presented in chapter 4. In this work, 
vapor pressures for six pure compounds and vapor-liquid 
equilibrium data for ten binary systems containing 
polynuclear aromatic compounds are measured at high 
temperatures using a Stage-Mueller recirculating still. 
The results are used to determine the experimental activity
6coefficients of the binary components and also in 
correlating the vapor-liquid equilibrium data using the 
maximum likelihood method (Prausnitz et al., 1980). Five 
different conventional thermodynamic models, i.e., 3-
suffix Margules, VanLaar, Non-Random Two-Liquid Theory 
(NRTL), Wilson, and Universal Quasi Chemical
equations (UNIQUAC) are used to correlate the data. In this 
work, the experimental vapor-liquid equilbrium data were 
compared with those obtained using the Scatchard-Hildebrand 
regular solution theory. This paper has been accepted 
for publication in Fluid Phase Equilibria.
The second paper titled "Correlation of Solid-Liquid and 
Vapor-Liquid Equilibrium Data for Polynuclear Aromatic 
Compounds" is presented as chapter 5 in this dissertation. 
In this work, the solid solubility data of five solids, 
i.e., naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene were measured in cis-decalin. The objective of 
this work was to predict the vapor-liquid equilibrium curve 
of binary systems containing heavy aromatic compounds 
using solid-liquid equilibrium data. The measured solubility 
data were regressed using a gradient based search 
technique (GBASE) and the UNIQUAC model to get the binary 
interaction parameters. It was observed that predictions of 
the vapor-liquid equilibrium curve using solid solubility 
data alone were not very satisfactory. However, in an
7alternative approach, solid solubility data and one vapor- 
liquid equilibrium data point from our previous study 
(chapter 4) were used to get the binary interaction 
parameters of the UNIQUAC model. These parameters predicted 
the vapor-liquid curve of moderately non-ideal systems 
very well. This work also reports the values of global 
parameters obtained by combining the solid solubility data 
and vapor-liquid equilibrium data for a binary
system. Solid solubility data were obtained from ambient 
temperature to the melting point of the solute and 
vapor-liquid equilibrium data were obtained at high 
temperatures, therefore, these UNIQUAC parameters can 
be used over a wide range of temperature. This work has 
been accepted for publication in Fluid Phase Equilibria.
The third paper titled " Vapor-Liquid Equilibrium of 
Binary and Ternary Systems Composed of Heavy Aromatic 
Compounds" is presented as chapter 6. In this work, vapor- 
liquid equilibrium data were measured for four binary 
systems (tetralin/1-methyl naphthalene; and binary systems 
with 1-methyl naphthalene and naphthalene, biphenyl, and 
acenaphthene) and eight ternary systems (five ternary systems 
formed with cis-decalin/tetralin and naphthalene,
biphenyl, acenaphthene, dibenzofuran, and phenanthrene; and 
three ternary systems formed with 1-methyl naphthalene/ 
tetralin and naphthalene, biphenyl, and acenaphthene).
8The binary data were regressed using the maximum likelihood 
method and the UNIQUAC and Margules models to determine the 
necessary binary interaction parameters. These parameters 
along with parameters obtained from previous work (reported 
in chapter 4) were used to predict the ternary vapor-liquid 
equilibrium curve for eight systems containing these heavy 
aromatic compounds. In this work, experimental ternary 
data were also compared with those obtained from
regular solution theory. This paper has been submitted to 
the Journal of Chemical & Engineering Data.
The last paper of this research titled "Solid-Liquid 
Phase Equilibria of Ternary Mixtures Containing Polynuclear 
Aromatic Compounds" is presented as chapter 7 in this 
dissertation. In this work, the solid-liquid phase 
diagrams for two ternary systems, i.e., cis-decalin/
naphthalene/ biphenyl and tetralin/ biphenyl/ dibenzofuran 
have been presented at 25 *C. This work is important since 
the data available for solid-liquid phase diagrams of ternary 
systems containing two polynuclear aromatic solutes in a 
heavy solvent are scarce. In this work, the ternary 
phase equilibrium for these two systems were also predicted 
using binary parameters obtained from the regression of 
binary data via the UNIQUAC and regular solution theory
model. This paper is ready to be submitted to Journal of
Chemical & Engineering Data.
9Chapter 8 gives an overall summary and conclusions of the 
work performed in this research.
Chapter 9 suggests modifications and some ideas for 
future work.
10
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CHAPTER 2 
LITERATURE REVIEW
Solid-Liquid Equilibrium
Solid-liquid equilibrium data are important for the 
design of separation processes, development of new models, 
and for testing the application of existing
thermodynamic models to more complex systems of large 
molecules such as those studied here. These data are also 
important in determining a temperature limit at which 
precipitation of solids will occur in a fluid process 
stream. Solids in a process stream can damage 
rotating equipment, cause deterioration in the performance 
of a heat exchanger, or cause other difficulties.
The solubility of heavy aromatic compounds in various 
solvents has been studied by many researchers. A great deal 
of work was performed at the end of the nineteenth and 
beginning of the twentieth century (Becchi, 1879; Schroeder, 
1893; Etard, 1893; and Speyers, 1902).
Schroeder (1893) obtained data for the solubility of 
naphthalene in benzene, chlorobenzene, and carbon 
tetrachloride and represented his data with an equation 
for calculating the solubility of a substance from its
11
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heat of fusion and melting point. However, Schroeder 
assumed that Raoult's law holds good for these systems.
Hildebrand and Janks (1920, 1921) measured the solubility 
of naphthalene, iodine, and rhombic sulphur in various 
solvents at various temperatures. They outlined a method 
for evaluating solubility data, and mentioned the 
effect of solvation upon solubility and upon its 
temperature coefficient.
Hildebrand (193 3) and Scatchard (1931) , working 
independently, modified the Van Laar theory to determine 
the nonidealities in the liquid phase and derived
equations which are now called "Regular Solution Theory." 
They also tested these equations to determine solid
solubility in a solvent. Their equations did a very good job 
for many solutions containing nonpolar compounds. However, 
their theory could not predict negative deviations from 
ideal behaviour.
Warner et al. (1934) obtained solubility data for biphenyl 
in heptane, dioxane, benzene, carbon disulphide, carbon 
tetrachloride, and p-dichlorobenzene between 3 0 and 60 *C. 
They also predicted these solubilities using Scatchard- 
Hildebrand regular solution theory. They observed that
regular solution theory can predict the solubility of 
biphenyl in benzene, carbon disulphide, dioxane, and p-
13
dichlorobenzene fairly satisfactorily. However, they did 
not obtain close agreement between experimental and 
calculated values for the solubility of biphenyl in heptane 
or carbon tetrachloride.
Campbell, in 1941, measured the solubility of naphthalene 
in benzene. He found ideal solution behaviour for this 
system, even at high concentrations of naphthalene, and 
concluded that a system whose components have a small 
dipole moment should behave as an ideal solution.
Gordon and Scott (1952) measured the solubility of 
phenanthrene in a mixed solvent of cyclohexane and methyl 
iodide. They also compared experimentally obtained activity 
coefficients with those predicted using the Scatchard- 
Hildebrand regular solution theory. They obtained fairly 
good agreement between calculated and experimental results.
McLaughlin and Zainal (1959, 1960, 1960) have done 
extensive work on the solubility of heavy aromatics in simple 
solvents. They measured the solubility of biphenyl, o- 
terphenyl, m-terphenyl, naphthalene, phenanthrene,
pyrene, fluorene, and acenaphthene in benzene, cyclohexane, 
and carbon tetrachloride over a range of temperature and 
predicted these results using regular solution theory (both 
simple and extended). They concluded that for a simple 
system, solubility depends upon the heat of fusion,
14
melting point temperature, and system temperature. They also 
observed an increased non-ideality of aromatic solutes in 
sequential order in benzene, carbon tetrachloride, and 
cyclohexane.
Heric and Posey {1964, 1964) studied the solubility of 
naphthalene in a number of simple (pure and mixed) solvents. 
These systems were selected because they lack any pronounced 
polarity. They used both Guggenheim and Scatchard-Hildebrand 
regular solution theories to predict the solubility in a 
ternary system and found that Guggenheim's regular solution 
theory model gives better results compared to the simple 
regular solution theory developed by Scatchard. They also 
predicted behavior in ternary systems using the data 
obtained from binary solution studies.
Heric (1967) also studied the effect of heating rate on 
the determination of solubility temperature and discussed 
the advantages of static methods in comparison to dynamic 
methods. He also recommended that if a dynamic method is 
used to determine the solubility of a solid in a solvent, 
solubilities should be measured at various heating rates, 
and the results should be extrapolated to zero heating rate 
in order to avoid any errors due to overshoot of the 
temperature.
Choi and McLaughlin (1983) determined the solubilities of 
eight solutes, i.e., biphenyl, naphthalene, fluorene,
15
phenanthrene, acenaphthene, fluoranthene, pyrene, and o- 
terphenyl in pyridine and thiophene. They also predicted 
their results using simple and extended regular solution 
theories. Choi also mentioned that regular solution 
theory can safely be used as a first approximation to 
calculate the non-idealities in the liquid phase, provided 
solubility parameters are evaluated at the melting point of 
the solutes instead of 298 K. They also obtained improved 
results using extended regular solution theory and used 
the lowest temperature data point to evaluate the single 
binary interaction parameter.
Choi et al. (1985) extended the work of McLaughlin and 
Zainal (1959, 1959, 1960) and measured the solubilities of
five heavy aromatics in three mixed solvents containing 
benzene and cyclohexane. They also predicted these 
solubilities using three different models, i.e., simple 
and extended regular solution theory and the Wilson 
correlation for multicomponent systems. Extended regular 
solution and the Wilson equations for the multicomponent 
systems require binary parameters, which can be obtained from 
the regression of binary system data. To obtain binary 
interaction parameters for the solute-solvent system, they 
used McLaughlin and Zainal (1959) data and for the 
solvent-solvent interaction parameters, they used vapor- 
liquid equilibrium data from the literature. They showed
16
that the Wilson model correlates the activity coefficient 
for these three systems very well. They also 
discussed the relatively poor performance of simple and 
extended regular solution theory predictions for these 
moderately non-ideal systems.
Acree and co-workers (Acree and Rytting (1983), Acree and 
Bertand (1977, 1981, 1983, 1983), Marthadan and Acree (1987), 
Acree and McCarger (1987), McCarger and Acree (1987, 1987, 
1987, 1989), Acree and Tucker (1989, 1989, 1990), Acree et 
al. (1990, 1990)) have done extensive studies on the 
solubilities of solids in pure and mixed solvents and have 
also studied the thermodynamic and physical properties of 
liquid mixtures. They have used their equations, similar to 
those developed by Heric and co-workers, to predict the 
solubilities at constant temperatures. These equations are 
similar to extended regular solution theory. However, they 
are more restrictive than the extended regular solution 
equations. The restrictions are:
i) These equations are applicable only to ternary systems
(solute + binary solvents).
ii) The binary system data should be measured at the same 
temperature as the ternary systems to be predicted.
They have used their binary data to predict solubilities 
in ternary systems with binary solvents.
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Domanska and co-workers have been studying solubility of 
solids in solvents over the past twenty years. Domanska has 
summarized some of the results she obtained before 198 6 in 
her book (1987). They have determined solubilities of some 
2 3 aromatic and aliphatic compounds, which can form inter- 
and intramolecular hydrogen bonds in various solvents. They 
have also studied some systems with binary solvents where 
solubility of a solute is increased in comparison to the 
solubility in the pure solvents. They used regular solution 
theory, the group contribution method (UNIFAC) and the Wilson 
model to analyze their solubility data. They also reported 
that the Wilson model does a good job in correlating 
experimental data for these systems.
Coon et al. (1987) have measured the solubilities of four 
polynuclear aromatic hydrocarbons, i.e., naphthalene, 
acenaphthene, phenanthrene, and fluorene in five binary 
mixtures of solvents. They also studied the solubilities 
of these four compounds in a quaternary mixture (2 5% 
benzene, 2 5% cyclohexane, 2 5% pyridine, 25% thiophene). 
They have used regular solution theory, Wilson, and UNIQUAC 
models to correlate the experimental activity coefficients 
and have utilized necessary binary interaction
parameters obtained by regression of solubility data 
for the solids in pure solvents. For the solvent-solvent 
interactions, they used literature vapor-liquid equilibrium
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data. Their results show that the Wilson equations work 
very well to determine the non-idealities in the liquid 
phase of a solute in a mixture of solvents. Coon et al. 
(1987) appear to be the first researchers to study 
solubilities of heavy aromatic compounds in a quaternary 
mixture of solvents.
Coon, Sediawan, Auwaerter, and McLaughlin (1988) also 
measured the solubilities of seven compounds in four 
different pure solvents. These measurements were done from 
ambient to about 170 WC. These researchers have also
measured solutes thermodynamic properties ( As^, ACp,
Tm) needed to analyze the solubility data. They
regressed their experimental data to obtain the
binary interaction parameters using three different models. 
These parameters, along with solvent-solvent parameters 
obtained from the regression of vapor-liquid equilibrium
data from the literature, were used to predict the 
solubilities of biphenyl, dibenzofuran, and dibenzothiophene 
in binary solvent mixtures. They also discussed the effect 
of insertion of hetero atoms into the structure of heavy 
aromatic hydrocarbons on non-idealities in the liquid 
mixtures. The compounds they studied were typical 
constituents of heavy feedstocks and coal derived fuels.
Coon et al. (1989) determined the solubility of twelve 
polynuclear aromatic hydrocarbons and their hetero atom
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substituted analogs in tetralin and decalin (an isomeric 
mixture of cis and trans). They also measured the
solubilities of seven of these solutes in binary solvent
mixtures (50% tetralin, 50% decalin). Their method of 
analysis was the same as in some of their previous work. 
However, in this work, they have used their solubility data 
to predict vapor-liquid equilibrium at high temperatures
and also to predict solubility of a solute in three
component systems.
As can be seen from the above literature, a large amount 
of data has been accumulated for solid solubility studies. 
Some of these data are reported in Timmermans (1959) and 
DECHEMA (1987).
Vapor-Liquid Equilibrium
Vapor-liquid equilibrium data have been measured for more 
than a century. Certainly the distillation of hard spirits 
has been conducted for longer than this period (Forbes, 197 0). 
However, only after world war II has vapor-liquid equili­
brium (VLE) reigned supreme as a method for obtaining non­
idealities in the liquid phase. These VLE data are published 
in a number of leading journals and have been accumulated in 
five major databases: Chu et al. (1956), Hala et al. (1967), 
Wicterle et al. (1973), Hirata et al. (1975), and Gmehling et 
al. (1980). Both isothermal and isobaric data are measured
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for binary and multicomponent systems containing various 
compounds (aliphatic and aromatic hydrocarbons, esters, 
carboxylic acids, paraffins, aldehydes, ketones, and 
alcohols). After conducting a hand search of these 
databases and some of the leading journals, it was observed 
that very few data are available for both binary and 
multicomponent systems containing polynuclear aromatic 
compounds and/or their hetero atom substituted analogs. 
These compounds are typical constituents of heavy crude, 
coal liquids, and tar sands.
Vapor-liquid equilibrium data can be measured by both 
static and dynamic methods. Chao and coworkers (EPRI, 198 0) 
studied the VLE of compounds found in coal liquids at high 
temperatures and pressures (20-25 atms.; 190 to 430*C). These 
researchers analyzed light gas-heavy hydrocarbon mixtures 
in an investigation of thirty-two binary and four ternary 
systems. The hydrocarbons they studied were predominantly 
nitrogen, sulphur, and oxygen substituted analogs of 
naphthenic and paraffinic compounds. They used a flow 
circulation still for their measurement.
Various types of circulating stills are available to 
measure vapor-liquid equilibrium data. Some of them are: 
Othiner (1928), Jones (1928), Gillespie (1946), Scatchard 
(1952), Brown (1952), Kortum (1953), Otsuki-Wi11iams (1953), 
Ellis (1954), Bushmakin (1955), and Stage and Fisher (1973).
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The Stage and Fisher still was developed in 1973 in 
Germany. The still is equipped with a Cottrell pump and 
provides recirculation of both vapor and liquid. This 
still was used in our study with some modifications.
A schematic diagram is given in the next chapter. Some of 
the recent work using this or similar stills is given below:
Gutsche and Knapp (1982) used the Stage-Mueller still to 
study the vapor pressure of 1, 2-dichloroethane. They 
measured vapor-liquid equilibrium of 1-chlorobutane with both 
n-hexane and n-heptane at 300, 325 and 350 K and vapor-
liquid equilibrium of 1, 2-dichloroethane with n-heptane at 
303.15 and 345.15 K. Gutsche et al. used the method of Van 
Ness (1973) as modified by Fredenslund (1977) to check the 
consistency of their data, and correlated their data using 
five different thermodynamic models to determine binary 
interaction parameters.
Eng and Sandler (1984) used the Stage-Mueller still to 
measure vapor-liquid equilibrium data for alkane-aldehyde 
binary mixtures in the temperature range of 40 to 70 *C. 
They used the same type of still as that of Gutsche and 
Knapp and used the same method of data analysis.
Willman and Teja (1985) considered their systems to be 
models of coal liquids and studied vapor-liquid equilibria 
of three binary systems between 100 and 120 *C and at
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pressures between 70 and 1100 mm Hg. The model compounds 
included two single-ring aromatic hydrocarbons (toluene and 
m-xylene) and an alkane (n-decane). They analyzed their 
results using five conventional models (UNIQUAC, NRTL, Wilson, 
VanLaar, and Margules) and the UNIFAC (group contribution 
method) along with the Teja-Patel equation of state.
Krevor and Prausnitz (1986, 1986, 1986) measured the vapor- 
liquid equilibrium of binary and ternary systems containing 
coal derived liquids. They used a Fisher recirculating still 
of the type used by Walas (1985). This still is very similar 
to the one used in this study. They correlated their binary 
data using UNIQUAC, NRTL, and Van Laar models and concluded 
that for nearly ideal mixtures, complex models may give 
spurious results. They also used the Wilson model to predict 
ternary vapor-liquid equilibrium data using parameters 
obtained from binary data for these coal derived compounds.
Coon and McLaughlin (1988) modified the Stage-Mueller 
still to study vapor-liquid equilibrium for systems where 
one of the components in the mixture is a solid at room 
temperature. They studied vapor-liquid equilibrium of four 
systems, i.e., tetralin-biphenyl, tetralin-fluorene,
tetralin-dibenzofuran, and tetralin-dibenzothiophene at 
423.15, 433.15, and 453.15 K. They also compared the activity 
coefficient values obtained from the VLE data with those 
obtained from solubility studies and reported solid
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solubility data to be a simple and useful method for 
obtaining binary parameters. However, their VLE data 
appeared to be as accurate as SLE data within experimental 
error associated with both the methods. Coon et al. also 
recommended that more VLE data are needed before a definite 
comparison between these two experimental methods can be 
made.
Cebezas et al. (1990, 1990) measured vapor-liquid 
equilibrium of binary systems of tetralin with o-toluidine, 
m-toluidine and m-cresol and o-toludine with 2, 6-lutidine, 
a-picoline, and p-picoline at constant pressure (200 mm Hg.) 
using a Gillespie type recirculating still. Some of the 
systems they studied showed positive deviations from ideal 
behaviour while others showed negative deviations. Data 
reduction was done based on the Margules, VanLaar, Wilson, 
NRTL, and UNIQUAC models.
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CHAPTER 3
EXPERIMENTAL APPARATUS AND PROCEDURE 
SOLID-LIQUID EQUILIBRIUM
a. There are several methods of determining the solubility 
of a solid (solute) in a liquid solvent. In the simplest and 
most common method, a sample of saturated liquid at a 
constant temperature is taken and chemically analyzed. The 
usual methods of composition analysis are by gas 
chromatography, by refractive index, or by density 
measurements. However, serious problems can occur. 
Solvent can be lost due to evaporation during sample 
withdrawal, even from a low temperature apparatus. The 
solute can also precipitate partially and remain in the 
withdrawal tube. Another problem associated with this 
method is error in the composition analysis. Therefore 
the total error can be substantial at any temperature.
In another method, a solvent liquid flows continuously 
through a saturation cell where it is contacted with the 
pure solid and saturated. The stream is warmed up and 
passed through the sample loop of a gas chromatograph and 
analyzed.
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In this work, a different method, developed by McLaughlin 
and Zainal(1959,I960,i960), was used for most of experiments 
since it is more accurate and simpler than the methods
discussed above. In this method, a liquid mixture of known 
composition containing excess solid is prepared in a glass 
ampoule using an analytical balance. The balance supplied by 
Harshaw Scientific, U. S. A. has an accuracy of 0.0001 
gm. and resolution of 0.00001 gm. Therefore, this method 
eliminates the error associated with the composition 
analysis by an analytical instrument. The ampoule is then
frozen in a Dewar vessel and sealed. While sealing the
ampoule, atmospheric moisture is prevented from entering the 
sample by connecting a polyvinyl chloride tube filled with 
silica gel.
The ampoule with the excess solid, is heated in an oil
bath and the temperature of the bath is raised 
slowly(0.2-0.4 K/hr.). Temperature of the bath is noted with 
the help of a high precision calibrated mercury thermometer 
(resolution = 0.1 °C). The end point is observed when the 
last trace of solid dissappears from the ampoule. This 
observation is made visually.
A schematic diagram of this apparatus is shown in Figure 
3.1. The main component is a well insulated bath filled with 
high specific heat oil (Crisco vegetable oil). The tempera-
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ture of the bath is controlled by an electronic temperature 
controller supplied by Versa-therm (Model 2158) and the 
heating rate to the bath is controlled by a Variac auto- 
transformer. With the help of the temperature controller and 
the Variac, the temperature of the bath can be maintained 
within ± 0 . 1  °C. The heating element is located at the 
bottom of the bath. Also located at the bottom of this bath 
are copper coils. These coils are provided to cool the 
bath quickly using tap water as a coolant, and can be 
used to attain temperatures below ambient by using a
refrigeration system.
The end point is observed visually through a glass 
window located in the front panel. The bath is side 
lighted which helps in observing the end point. 
Although there is some error associated with the visual 
observation, the advantages of this method far outweigh the 
difficulties. The sample in the bath is turned (about 0.25 
rps) by a stirrer motor, which also rotates paddles
attached to the shaft. These paddles are provided to mix 
the oil in the bath and therefore remove any temperature 
gradient within the bath. The experimental apparatus 
is very simple, reliable, and inexpensive compared to 
other methods of determining the solubility of a solid in 
a liquid.
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b. I have also studied the solid-liquid equilibrium phase 
diagram of ternary mixtures containing heavy aromatic
compounds at constant temperature. Figure 3.2 is a schematic
diagram of the apparatus used for this study. This is a
constant temperature bath with an electronic temperature 
controller (Versa-Therm, Model 2149-2) connected through a 
Variac. The temperature of the bath can be maintained
within ±0 . 1  °C. Temperature is measured with the 
help of a high precision mercury thermometer. This 
thermometer was calibrated using the ice point and a 
boiling point of water. The accuracy of this thermometer 
is ± 0.1 °C and resolution is ± 0.1 °C.
To study the phase diagram of a ternary system containing 
heavy aromatic compounds, unsaturated mixtures of various 
known compositions of solids in a liquid were prepared using 
an analytical balance. This balance has a resolution of ± 
0.00001 gm and an accuracy of ± 0.0001 gm. These samples 
were then placed in a constant temperature bath at 2 5 °C. 
After one day, the samples were taken out of the bath. A 
visual observation of each sample was made to make sure 
that no solid phase was present. Now one of the solid 
compounds of the ternary system was added in excess and 
samples were again visually observed to make sure that two 
phases existed. These samples were sealed using PTFE tape
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and were put back into the bath for a period of one week. 
The temperature of the bath was carefully maintained at 2 5 
°C. After one week in the bath, samples saturated with 
one of the solids were withdrawn and diluted using a known 
amount of the solvent. These diluted samples were then 
analyzed using a gas chromatograph (HP 5890A). This 
chromatograph is equipped with a flame ionization detector 
and an on-column injection port. At least four injections 
were made to increase the accuracy of composition analysis. 
An injection volume of 0.1 /iL was used. The GC column was a 
50% pheny1-methyl silicone glass capiliary, 0.53 mm ID, 2 
fim film coating and 10 meter length. The accuracy of the 
composition analysis is ± 0.0025 mole fraction. The
resulting composition analysis yielded one point on the 
saturation curve of the phase diagram.
VAPOR-LIQUID EQUILIBRIUM
Vapor-liquid equilibrium data can be measured both by 
static and dynamic methods. In the static method, liquid and 
vapor phases are in a state of equilibrium and boiling does 
not occur. This method is very accurate, however long 
equilibration times plus complicated and expensive equipment 
are its disadvantages. The apparatus used for the dynamic 
methods is comparatively simple. In the dynamic method, 
liquid is boiled under an inert gas atmosphere (usually 
nitrogen or helium). A dynamic method was used to study
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vapor-liquid equilibrium for this work.
Vapor-liquid equilibia studies for this research were 
performed using a recirculating still manufactured by Labor- 
und-Verfahrenstechnik of F.R.G (West Germany). This still 
was also used by Coon et al. (1988). It can be operated up 
to a maximum temperature of 2 50 °C and a maximum pressure of 
1500 millibars.
Figure 3.3 is a schematic diagram of the Stage-Mueller 
dynamic still. The main components of this still are: 
equilibrium chamber, heating section, mixing chamber, 
condensers, and sampling ports. Other components include 
vacuum pump, Fisher VKH 100 pressure controller, digital 
manometer DPI 101, heating and sampling controller (Fisher 
0601), a five gallon surge tank, mercury manometer, cold 
trap with cold finger, a high pressure nitrogen cylinder, 
two stage regulator, vernier flow valve, check valve, 
rotameter, a platinum resistance thermometer with five 
and a half digit multimeter, a magnetic stirrer with 
stirrer motor, and a heating mantle connected with a Variac.
A 1/4" OD x 0.035" wall thickness stainless steel tubing 
(SWT STNLS ASTM A2 69 welded type 3 04 HT 241C37) was used to 
connect the main components of the still with other 
components and a clear 1/2" x 1/16" wall thickness plastic 
tubing was used to connect condensers with the cooling
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system.
The equilibrium chamber is the heart of the still. This 
is the place where the liquid and vapor are separated and 
the equilibrium temperature is measured. A silver plated 
vacuum jacket surrounds the equilibrium chamber. This jacket 
helps in maintaining a constant temperature in the cell. The 
equilibrium cell is connected to the heating section where a 
heating element (250 Watts, 220V) enclosed in a glass tube 
is located. This heating element was supplied by Quarztech- 
nische Wersstatten, GmbH. Heating rate for this heating 
element can be controlled with the help of a phase heating 
and sampling controller (Fisher 0601). The top portion of 
the heating section opens into the equilibrium cell via a 
Cottrell pump. The function of the Cottrell pump is to 
ensure intimate contact of both liquid and vapor with 
the temperature measuring element.
The temperature in the equilibrium chamber is measured 
with the help of a 4-wire platinum resistance thermometer 
supplied by Fisher. It has a resistance of 100 n at 0 °C. 
This thermometer is connected to a five and a half digit 
multimeter supplied by Hewlett-Packard (Model 3 4 68B). The 
resolution of this multimeter is 0.001 n (0.003 K). This 
thermometer was calibrated against the freezing point and 
the boiling point of distilled deionized water. The normal 
boiling point of pure naphthalene was also measured with
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this thermometer to check its accuracy at high temperatures. 
Comparison with literature data on the normal boiling point
showed maximum errors in temperature of 0.3 K at
approximately 419 K.
The pressure in the equilibrium still was maintained with 
the help of a pressure controller (VKH-100), nitrogen flow 
rate and a vacuum pump. This controller has an adjustable 
set point on a dial scale and a throttle valve. The throttle 
valve regulates the frequency of opening of the solenoid 
actuated valve to control the pressure in the equilibrium 
chamber. For this work, nitrogen flow rate to the still and 
throttle valve setting were adjusted such that the solenoid 
valve actuated every 8-15 seconds to pump the gases to the 
vacuum system. Nitrogen was also used to keep an inert gas 
atmosphere in the still during boiling.
A two stage vacuum pump was used to evacuate the system 
at the beginning of an experiment and also to maintain a 
constant pressure in the still during a run. This pump is
directly driven with a 1/3 horsepower motor. It was
supplied by Sargent-Welch, U.S.A. (model No. 1400).
The pressure in the equilibrium chamber was measured with 
the help of a pressure transducer (Capacitance type) 
connected to a 4-digit digital pressure indicator (DPI-101) 
supplied by Druck, Inc., England. The accuracy in pressure 
measurement is calculated to be ± 1.0 mm Hg.
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The surge tank was used to reduce any sudden fluctuations 
in pressure that might cause damage to the glass still.
A heating mantle surrounds the silver plated equilibrium 
cell. The temperature of this mantle can be controlled with 
the help of a Variac on the phase equilibrium apparatus 
(Fischer 0601) and is maintained very close to the 
temperature expected in the equilibrium cell. This helps in 
further reducing any temperature gradient within the cel1.
The phase equilibrium apparatus (Fischer 0601) also 
contains two switches to operate solenoid actuated valves to 
withdraw liquid and vapor samples. It also has one
standby port to connect a heating element.
A digital thermometer (DT-4) supplied by Fischer was used 
to measure the temperatures of coolant, cold trap and
heating mantle.
Compositions of the liquid and vapor phase samples were 
analyzed using a Hewlett-Packard gas chromatograph (HP- 
5890A). This chromatograph has a flame ionization detector 
and an on column injection technique to inject the samples
and is connected to a HP 3 391 A integrator. A 50 % phenyl-
methyl silicone glass capillary column (0.53 mm internal 
diameter, 2 Jim coating thickness and 10 meter length) was 
used as a stationary phase. This column was also supplied 
by Hewlett Packard.
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The gas chromatograph was calibrated with standard 
mixtures. These mixtures were gravimetrically prepared using 
an analytical balance with an accuracy of ± 0.0001 gm. and 
resolution of 0.00001 gm. This balance was supplied by
Harshaw Scientific, U . S . A .  At least 15 calibration 
mixtures for binary and 2 4 for ternary were prepared, 
covering the whole range of composition of interest. These 
standards as well as unknown mixtures were injected at
least four times to ensure reproducibility. A 1 /iL syringe 
with an injection volume of 0.1 /iL was used. The accuracy 
of the gas chromatographic analysis was also checked by 
analyzing standard samples whose compositions are known. 
It was found to be ± 0.0025 mole fraction.
Modifications Made to the Still
This still purchased from Fischer, West Germany was
designed to study vapor-liquid equilibrium for systems for 
which all the components are liquid at room temperature. 
Coon et al. (1988) made some modifications to improve its 
operability. Additional modifications were made to 
improve its performance for systems such as ours where one 
component of the mixture is a solid at room temperature. 
The following modifications were made:
i Modification of the sample tubes to avoid any loss of 
samples to the vacuum system during sampling.
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ii Adding a closed cooling system to the condensers. This 
cooling system uses either water or ethylene glycol and 
water mixture (antifreeze) coolant. By controlling the 
flow rate and temperature of the coolant, it was 
possible to maintain a desired temperature in the 
condensers.
iii Since between two data points the whole still has to be 
brought back to atmospheric pressure, two gate valves 
were added in the vacuum line to isolate the surge tank. 
This reduced the time between data points considerably.
iv Some of the joints and auxiliary ports were eliminated 
from the still to improve the leak-in rate.
These modifications improved the operability and 
flexibility of the still and also improved the 
reproducibility of the results.
Procedure for Vapor-Liquid Experiments
The compounds used in this study are typical constituents 
of coal liquids, heavy crude and tar sands. These compounds 
were purchased from Aldrich Chemical Company and were at 
least 99 % (except for phenenthrene, 98% ) pure. All solid 
samples were first purified by liquid chromatography using 
activated alumina as the stationary phase and toluene as 
solvent. The solvent was then evaporated using a rotary
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vacuum evaporator (ROTAVAPOR, R 110, supplied by BUCHI) and 
the solid was recrystallized. All liquid samples, i.e., 
tetralin, cis-decalin, and 1-methyl naphthalene, were 
distilled under vacuum and stored over molecular sieves 
to minimize water absorbtion. The exact purity of the 
compounds used is given in later chapters.
The first step of the experiment was to make sure that 
the still was clean and leak tight. To clean the still, 
approximately 130 cc. of cyclohexane was boiled under a 
blanket of nitrogen gas for about one hour with 
recirculation of both liquid and vapor. The cleaning solvent 
was then drained and the still pumped down to about 20 mm 
Hg. pressure to remove any trace of solvent. This pressure 
was maintained for about 2-3 hours. Now the throttle valve 
on the VKH-100 was closed completely to disconnect the 
vacuum pump from the still and the still was checked for 
leakage. If there was any maj or leak, it could be 
detected by observing the increase in pressure. The still 
was then brought back to atmospheric pressure using dry 
nitrogen. The feed mixture was now loaded by putting the 
solid component into the mixing chamber and washing it down 
with the liquid. A heat gun was used to melt any remaining 
solid sticking to the wall of the still. The still was 
sealed and pumped down to about 7 5 mm Hg with some heating 
to remove most of air present. The coolant flow to the
44
condensers was turned on and the cold trap was filled with 
a dry ice and acetone mixture. The feed mixture was now 
heated and pressure was adjusted on the circular dial of 
the pressure controller such that the feed mixture started 
boiling at the desired tempearture. During boiling, the 
position of the throttle valve on VKH-100 was adjusted 
so that the solenoid actuated valve opened after every 8-15 
seconds and nitrogen flow rate to the still was maintained 
at approximately 0.05-0.1 cubic ft/hr. The mantle 
surrounding the equilibrium cell was turned on and the 
temperature was maintained close to the equilibrium 
temperature to avoid any temperature gradient within the 
cell. Once the desired temperature was obtained, the still 
was run for about 45-90 minutes to make sure that true 
equilibrium had been reached. When the temperature and 
pressure were stable, their values were recorded. We 
observed very little fluctuation in pressure, ± 0.1 mm Hg. 
However, a fluctuation of ± 0.2 °C in the temperature was
sometimes observed.
Samples of liquid and vapor were now taken by depressing 
the switches marked 1 and 2 on the phase equilibrium 
apparatus to operate the solenoid actuated valves. For 
compositions with high concentration of the solid component, 
solidification occured in the sample leg. A heat gun was 
used to melt the solid down to the sample tube. The still
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was now brought: back to atmospheric pressure and a
solvent (p-xylene) was added to the sample tube to disslove 
excess solid. The samples were injected into the gas 
chromatograph for the composition analysis.
Vapor pressure of naphthalene, biphenyl, acenaphthene, 
dibenzofuran, tetralin, cis-decalin and 1-methyl naphthalene 
were measured using this still. These data are presented in 
chapter 4. Vapor-liquid equilibrium data for 24 binary 
systems and 8 ternary systems were also measured at 170 
and 190 “C. These equilibrium data are reported in chapters 
4 and 6.
CHAPTER 4
MEASUREMENT OF VAPOR-LIQUID EQUILIBRIUM FOR BINARY SYSTEMS 
CONTAINING POLYNUCLEAR AROMATIC COMPOUNDS
Published in Fluid Phase Equilibria, 65, 1991, 305-326.
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INTRODUCTION
Vapor-liquid equilibrium (VLE) has been measured for 
close to one hundred years. In the last forty years a 
plethora of both isothermal and isobaric data have been 
compiled in five major compilations: Chu et al. (1956),
Hala et al. (1967), Wichterle et al. (1973), Hirata et al. 
(1975) and Gmehling et al. (1980). However, thermodynamic 
research in the area of vapor-liquid equilibria for systems 
containing heavy aromatic compounds has been left virtually 
untouched, especially at high temperatures. For example, 
only 1 % of the VLE data reported in the DECHEMA (Gmehling 
et al., 1980) data compilation for systems containing alkane 
and/or aromatics mixtures have been measured above 150 °C 
(Krevor et al., 1986).
Accurate vapor-liquid equilibrium data are important for 
the design of separation processes and in the testing and 
further development of thermodynamic models. The primary 
objective of this research is to measure VLE of binary 
systems containing heavy aromatics and their hetero atom 
substituted analogs at high temperatures and to compare 
various thermodynamic activity coefficient models for 
correlation of the data.
The compounds selected for this study are: Tetralin, cis- 
decalin, naphthalene, biphenyl, dibenzofuran, acenaphthene,
and phenanthrene. These compounds are relatively 
inexpensive, nontoxic and possesses desirable physical 
properties. Some of the physical properties for these 
compounds are given in Appendix A. As is clear from the 
Table some of the compounds have melting points above room 
temperature, which presents a special problem while 
studying VLE (Coon et al., 1988a). These compounds are 
typical constituents of coal liquids, which in the future 
could be an alternative source for energy production. The 
chemical structure of these compounds are given in 
Appendix B.
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EXPERIMENTAL SECTION
All the chemicals were obtained from Aldrich Chemical 
Company and were 99 % pure except phenanthrene (98 % pure). 
cis-decalin and tetralin were further distilled under vacuum 
and were stored over a molecular sieve to eliminate water. 
All solid chemicals used in this study were purified further 
by liquid chromatography on activated alumina using toluene 
as an eluant. The solids were then recrystallized and 
toluene was removed by evaporation in a rotary vacuum 
evaporator.
The final purity of chemicals used was as follows: cis-
decalin (99.72 %), tetralin (99.69 %) , naphthalene (99.89%), 
biphenyl (99.97 %), acenaphthene (99.58 %), dibenzofuran 
(99.78 %), phenanthrene (99.13 %). The above listed purities 
were obtained by gas chromatography and represent area 
percents. No further efforts were made to identify the 
impurities.
Vapor-liquid equilibria for mixtures and pure component 
vapor pressure data were measured using a dynamic equi­
librium still manufactured by Labor-und-Verfahrenstechnik of 
West Germany. Similar stills have been used by several 
workers in the last decade. The operation of this still has 
already been reported by Coon et al. (1988a). About 130 mL 
of liquid containing the binary mixture of interest is
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heated in the heating section of the still. The boiling 
liquid rises through a Cottrell pump and jets out of the 
nozzle onto the thermometer well in the equilibrium cell, 
where the liquid and vapor are separated into different 
paths out of the cell. The vapor is totally condensed, 
allowing sampling as a liquid. Condensed vapor and liquid 
are returned to a chamber where they are mixed and sent to 
the heating section to be boiled again. Once equilibrium is 
attained, temperature, and pressure values are recorded and, 
liquid and vapor samples are drawn into the sample tubes.
Coon et al. (1988b) made some modifications to study 
systems such as ours where one component is solid at room 
temperature. We have made additional modifications to 
increase the operability and flexibility of the still. They 
include:
1) Addition of two valves in the vacuum line to isolate the
surge tank. This has reduced the time between runs
dramatically.
2) Modification of sample tubes to avoid loss of samples to
the vacuum system.
3) Addition of a closed cooling system using water as a
coolant. By monitoring the temperature of the coolant, 
we have good control of the temperatures we maintain in 
the condenser.
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4) Elimination of some of the joints and sampling ports
from the still. This has improved the leak situation 
significantly.
Temperature in the equilibrium chamber was determined 
using a platinum resistance thermometer attached to a 
Hewlett-Packard five-and-one- half digit multimeter, and
pressure was measured using a digital pressure gauge 
manufactured by Druck, Inc. The resolution of the 
temperature measurement is 0.003 °C with an accuracy of ± 
0.1 °C. Accuracy in pressure measurement is estimated to be 
± 1.0 mm Hg.
Vapor and liquid samples were analyzed using a HP 5890A 
gas chromatograph equipped with on column injection and a 
flame ionization detector. A 50 % crosslinked phenyl-methyl 
silicone glass capillary column was supplied by HP with 
0.53 mm ID, 10 meter length and 2 fxm film thickness.
The gas chromatograph was calibrated with gravimetrically 
prepared standard mixtures. For each binary system at least 
15 calibration mixtures were prepared, covering the entire 
composition range of interest. At least four injections were 
made both for standard as well as unknown mixtures. An 
injection volume of 0.1 fit, was used. The accuracy of the gas 
chromatographic analysis was found to be ± 0.0025 mole 
fraction. This accuracy was determined by analyzing samples 
whose compositions were known.
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A great, deal of care was taken to maintain the 
temperature of the coolant going to the condensers. If the 
coolant inlet temperature is too low, the heavier compound 
(usually solid) will solidify in the condenser. However, if 
the coolant temperature is too high, the more volatile 
substance (liquid) will escape to the vacuum system. An 
estimate of this inlet temperature was obtained from the 
solid-liquid equilibrium study of Coon et al. (1988b). 
For the vapor pressure study of pure solid compounds, the 
temperature in the condenser was maintained at least two 
to three degrees higher than the melting point of the solid.
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DATA ANALYSIS
As mentioned in the experimental section, pressure, 
temperature, liquid and vapor mole fraction data are 
measured in the vapor-liquid equilibrium study. These VLE 
data are analyzed using the maximum likelihood method (Van- 
Ness et al., 1978) to determine the non-idealities in the 
liquid phase using five different thermodynamic activity 
models, i.e., UNIQUAC-Abrams and Prausnitz, 1975; NRTL- 
Renon and Prausnitz, 1968; Wilson-Wilson, 1964; VanLaar-Van- 
Laar 1910; Three-Suffix Margules. A brief discussion of 
each liquid phase model is given in Appendix C. The 
maximum likelihood method weighs each variable based on the 
estimated error in the measurement and uses all the data 
collected. The best values of the adjustable parameters 
are found by minimizing the objective function given by the 
equation:
n (^i,expt C^i.expt
S= E   + _________
^i.expt yj.calc^  ^Xt,expt
+  —   '  +    ' (1>
a d ay x
Standard deviations in the measured variables were taken 
as: ap = 1.0 mm Hg., aT = 0.05 °C, ax = 0.001 and ay =
0.003 (Prausnitz et al., 1980).
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A number of pure component parameters are needed in the 
analysis of VLE data using the maximum likelihood method. 
The vapor phase non-idealities were estimated using the 
second virial coefficient correlation of Hayden and 
O'Connell (1975). If critical constants were not 
available in the literature, they were estimated by 
correlations of Roman et al. (1986). Liquid molar volumes 
were calculated using the modified Rackett equation as 
described in Prausnitz et al. (1980). The vapor pressure of 
all the compounds except phenanthrene were measured and 
regressed using a three constant Antoine equation. The 
vapor pressure data and Antoine constant values are 
described in the results and discussion section. Appendix D 
lists the pure compound parameters and properties used for 
the analysis of VLE data along with their source.
The regular solution theory equations give a good 
approximation of activity coefficients for nearly ideal 
systems. Therefore, we used this theory to predict the 
vapor-liquid equilibrium for our binary systems. The 
following equations were used to get the value of
activity coefficients for the two components in the liquid
phase (Prausnitz et al., 1985):
RT In y, = v, <t>* (5, - 62]2 (2a)
RT In y2 = v2 [5, - fi2]2 (2b)
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where v,, v2, 6, and tf2 are molar volumes and solubility
parameters for the pure components. Appendix E lists the 
values of molar volumes and solubilty parameters for the 
compounds used in this study. and <p2 represent the
volume fractions of components, defined by:
<p, = (x1v,)/(x,v1 + x2v2) (3a)
= (x2v2)/(x,v1 + x2v2) (3b)
The calculated activity coefficients were used in a 
bubble point calculation to determine the pressures and 
vapor phase mole fractions for comparison with the 
experimental data.
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RESULTS AND DISCUSSION
Pure component vapor pressure data of six of the seven 
compounds used in this study have been measured and are 
presented in Tables 4.1a, 4.1b. Vapor pressures of
phenanthrene could not be measured in the equilibrium still
because of its high boiling point (99.8 °C). The vapor
pressure data for each compound were compared with values 
available in the literature. For this purpose, measured 
vapor pressures and data from the literature were fitted 
using a three constant Antoine equation:
In P,° = A + B/ (T+C) (4)
where P.° is the vapor pressure in mm Hg. and T is
temperature in K. Figure 4.1 is a plot of difference in 
vapor pressures using fitted parameters obtained from 
the experimental and literature (Camin et al., 1955) data
for cis-decalin. As can be seen, the agreement between
measured pressures and pressures reported in the literature 
is good. The values of the constants for the experimental 
data are listed in Table 4.lc. The average absolute 
deviations between experimental and calculated (using 
constants from Table 4.1c) vapor pressure were found to 
be 1.2 mm Hg. for cis-decalin; 0.4 mm Hg. for tetralin; 
1.4 mm Hg. for naphthalene; 0.7 mm Hg. for acenaphthene;
and 0.44 mm Hg. for dibenzofuran. The maximum absolute
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TABLE 4.1a
Vapor Pressure Data Of The Pure Compounds Used
Tetralin cis-Decalin Naphthalene
Temp(K) P(mmHg) Temp(K) P(mmHg) Temp(K) P(mmHg)
463.6 506 469. 0 760 460. 4 358
462 . 2 488 466. 8 724 457 . 8 337
460 . 9 470 465. 1 693 454 . 8 310
459 . 5 453 462 .9 659 452 . 9 295
457. 8 435 460. 6 622 450. 5 276
455. 8 413 458 . 1 586 449.6 267
454 . 1 395 455.5 550 447 . 5 252
453 . 4 387 452.6 515 446.4 242
450. 2 354 449 . 7 480 444 . 6 231
448 . 2 336 447 .0 446 444 . 0 228
446.2 319 443 . 9 409 442 .3 219
443.8 297 441.1 380 440.7 210
441.0 275 438 . 8 358
437 . 6 249 435.4 326
433 . 5 221 432 .1 297
428.8 192 427.3 260
403 . 2 85 422 .3 225
417 . 3 193
412 . 1 165
406. 9 139
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TABLE 4,1)9
Vapor Pressure Data Of The Pure Compounds Used
Biphenyl Acenaphthene Dibenzofuran
Temp(K) P (mmHg) Temp(K) P(mm Hg) Temp(K) P(mmHg)
459 . 1 128 467 . 4 94 466. 9 97
457.4 122 464 . 3 85 465. 1 92
456. 2 117 463 .5 82 463 . 0 87
455. 6 114 461. 6 77 459 . 9 82
454 .0 108 458.4 69 458 . 0 76
452 . 8 105 455. 5 64 455.9 71
451.3 98 453 . 5 60 453 . 0 65
449.9 94 452.2 58 449 . 5 60
448 . 1 89 450. 5 58 446.6 56
446.7 86 448 . 5 53 444 . 4 51
444.6 81 445.6 45 443 . 9 50
443.3 77 443 . 4 43 443 . 0 49
442 . 6 74 441. 6 38 441.9 48
441.4 73 437 . 7 42
440.1 69
438 . 3 65
TABLE 4.1c
Antoine's Constants 
Data
From The Regression Of Vapor Pressure
Compounds A B C
Tetralin 17.5142 -5000.12 -20.7317
cis-Decalin 14.9534 -3051.94 -102.274
Naphthalene 17.4050 -5001.51 -26.2326
Biphenyl 17 . 2978 -5031.29 -54.9952
Acenaphthene 16.5257 -4722.20 -73.5671
Dibenzofuran 15.8359 -4718.55 -47.7823
Phenanthrene- 15.6977 -4719.05 -97.0780
* Recalculated from Reid et al.(1987).
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Figure 4.1: Differences Between Antoine Fits Of Vapor 
Pressure For Cis-Decalin; Data Of This 
Research Minus Data Of Camin et al. (1955) .
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difference between calculated and experimental vapor 
pressure was 3.8 mm Hg.
Table 4.2 shows VLE data for mixtures of tetralin with 
naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene. Table 4.3 gives data for mixtures of cis- 
decalin with the same compounds. Two isotherms were 
measured for each system. Figure 4.2 shows data for the 
tetralin-naphthalene system at 170 and 190 #C.
The VLE data for each system were tested for 
thermodynamic consistency using the method described by 
Fredenslund (1977). This method uses a Legendre polynomial 
for the excess Gibbs free energy and utilizes liquid mole 
fraction and temperature data.
The total pressure is calculated as a function of 
coefficients of the polynomial and the sum of squared 
differences between calculated and measured pressure is 
minimized (Barker, 1953) to get the best values of these 
constants. The P-T-x-y data are considered to be consistent 
if the average absolute deviation between y, (expt) and y1 
(calc) is less than 0.01. Table 4.4 lists the results of 
the thermodynamic consistency test using a four-parameter 
Legendre polynomial for the excess Gibbs free energy. It 
is clear that we have a significant improvement in the RMSD 
values for some of the systems studied by Coon et al. 1988b. 
For example, for the tetralin-biphenyl system root-mean-
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TABLE 4.2
Vapor-Liquid Equilibrium Data For Systems With Tetralin(l)
T=170 °C T=190 °C
P (nunHg) 0 o X1 y^ P(mmHg) T(°C) X1 y^
Naphthalene(2)
292 170.1 0.9751 0.9803 498 190 . 0 0 . 9812 0.9828
289 170.0 0.9378 0.9522 493 190. 1 0 .9362 0.9455
284 170 . 0 0 . 8547 0.8865 486 190. 0 0 . 8431 0.8691
277 170 . 0 0 .7572 0.8091 478 190. 1 0.7483 0.7874
269 169 . 9 0 . 6341 0.7042 473 190. 0 0.6916 0.7359
263 170. 0 0.5374 0.6114 464 190. 1 0.6094 0.6631
259 170. 0 0.4809 0.5543 455 190. 0 0.5298 0.5895
255 169 . 9 0.4093 0 . 4876 446 190. 1 0.4449 0.5042
252 169 . 9 0.3681 0.4304 439 189 . 9 0.3770 0 .4376
246 170. 0 0.2956 0.3600 420 190. 0 0.2426 0.3000
240 170. 0 0.1901 0.2332
Biphenyl (2)
277 170 . 0 0.9237 0.9762 483 190. 0 0.9536 0.9850
265 170. 0 0.8725 0.9612 470 190. 1 0.9209 0.9727
241 170. 0 0.7623 0.9204 444 189 . 9 0.8457 0.9470
223 170. 0 0.6728 0.8820 422 190. 0 0.7813 0 . 9216
203 170. 0 0.5824 0.8385 396 190. 1 0.7048 0.8904
187 170. 0 0.5023 0.7989 369 190. 0 0.6247 0 . 8485
171 170. 0 0.4288 0.7387 340 190. 1 0.5438 0 . 8004
152 170.0 0.3422 0.6612 301 190 . 0 0 .4272 0.7296
138 170.0 0.2799 0.6016 270 190 . 0 0 . 3434 0.6483
121 170.0 0.2043 0.5002 221 190 . 0 0.2177 0.4828
109 170 . 0 0.1428 0.3949
Acenaphthene(2)
289 170. 1 0.9859 0.9978 492 190. 0 0.9859 0.9974
271 170. 1 0.9167 0.9860 461 190. 0 0.9229 0.9850
251 170. 1 0.8346 0.9706 426 190. 0 0.8424 0.9676
234 170. 1 0.7698 0.9565 393 190. 0 0.7642 0.9479
213 170. 0 0.6841 0.9350 358 190.0 0.6678 0.9201
185 170.0 0.5687 0.8989 316 190 . 0 0.5614 0 . 8826
165 169 . 9 0.4928 0.8691 281 190 . 0 0.4709 0.8410
144 170 . 0 0.3988 0.8220 234 190 . 0 0.3622 0.7748
131 170. 1 0.3499 0.7851 194 190. 0 0.2709 0.6933
113 170. 0 0.2778 0.7207 167 190. 0 0.2016 0.6051
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TABLE 4.2(Continued)
Vapor-Liquid Equilibrium Data For Systems With Tetralin(l)
T=170i °C T=190 °C
P(mmHg) T ( °C) X1 Vi P(mmHg) T(°C) X1 Vi
Dibenzofuran(2)
291 170. 0 0. 9935 0.9978 498 190. 0 0.9937 0.9973
275 170.0 0.9269 0.9837 470 190. 0 0.9241 0.9834
264 170. 0 0.8761 0.9741 449 189.9 0.8728 0.9713
244 170. 1 0.7814 0.9523 415 190. 0 0.7788 0.9503
229 170. 0 0.7137 0.9359 390 190. 0 0. 7183 0.9178
214 170. 1 0 . 6346 0.9119 364 189 . 9 0.6522 0.9071
195 170. 1 0.5653 0.8819 332 190. 0 0.5652 0.8776
174 170.0 0.4754 0.8425 298 190. 0 0.4818 0.8366
148 170. 0 0.3651 0.7859 254 190.0 0.3651 0.7761
120 170. 0 0.2528 0.6928 204 190 . 0 0.2546 0.6753
Phenanthrene(2)
287 170.0 0.9818 0.9992 491 189. 9 0.9827 0.9919
272 170. 0 0.9329 0.9973 465 189 . 8 0.9316 0.9969
253 169 . 9 0.8561 0.9948 432 189 . 9 0.8556 0 . 9931
233 170. 1 0.7876 0.9914 402 189 . 8 0.7901 0.9903
220 170. 0 0.7269 0.9890 377 189. 8 0.7351 0.9868
196 170.0 0.6284 0.9840 334 189. 9 0.6450 0.9808
173 170. 0 0.5548 0.9788 294 189.8 0.5523 0.9738
151 170. 0 0.4731 0.9715 257 190 . 0 0.4792 0.9660
119 170. 0 0.3637 0.9570 205 190. 0 0.3606 0.9462
99 170.0 0.2776 0.9417 161 189 . 9 0.2778 0.9245
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TABLE 4.3
Vapor-Liquid Equilibrium Data For Systems With cis- 
Decalin(1)
T=170 °C T= 190 °C
P(mmHg) T(°C) X1 Vi P(mmHg) T(°C) X1 y^
Naphthalene(2)
400 170. 0 0.9578 0.9662 663 190 . 1 0.9924 0.9930
397 170. 0 0 . 9253 0.9415 655 189 . 9 0. 9176 0.9297
392 170. 1 0 . 8568 0.8893 650 190 . 0 0.8654 0 . 8880
386 170. 0 0.7949 0.8449 637 190 . 0 0.7654 0 .8130
376 170. 2 0.7145 0.7833 633 190 . 1 0.7303 0.7878
369 170. 1 0.6398 0.7389 619 189 . 9 0. 6543 0 .7345
357 170.0 0.5618 0.6843 600 190. 0 0.5565 0.6663
351 170. 1 0.5159 0.6482 575 190. 0 0.4454 0.5862
337 170. 1 0.4298 0.5870 544 190. 1 0. 3287 0.4922
321 170. 0 0.3343 0.5045 500 190. 0 0. 2076 0.3713
307 170. 0 0.2643 0.4464
284 170. 0 0.1732 0.3382
Biphenyl(2)
393 170. 1 0.9622 0.9891 628 190.0 0. 9359 0.9787
375 170 . 0 0.9054 0.9758 586 190. 0 0 .8396 0.9545
355 170. 0 0.8335 0.9602 553 190. 1 0.7637 0.9331
335 170. 0 0.7606 0.9314 523 190. 0 0.6960 0.9061
309 170. 1 0.6659 0.9074 486 190. 0 0.6129 0.8783
252 170. 0 0.4738 0.8237 442 190. 0 0.5096 0.8393
233 170.0 0.4104 0.7927 394 190.0 0.4213 0.7818
207 170. 1 0.3276 0.7460 343 190 . 1 0.3218 0.7081
193 170. 0 0.2876 0.7147 275 190 . 0 0.2102 0 . 5783
185 170. 0 0.2626 0.6845
156 170. 0 0.1836 0.5942
Acenaphthene(2)
380 170. 0 0.9317 0.9896 608 190. 0 0.9115 0.9839
359 170.0 0.8667 0.9816 561 190. 0 0.8164 0.9692
337 170.0 0.7953 0.9699 520 190. 0 0 . 7322 0.9557
316 170. 1 0.7310 0.9584 469 190.0 0.6335 0.9358
285 170. 0 0.6338 0.9384 424 190.0 0.5492 0.9133
262 170 . 0 0.5612 0.9202 377 190. 0 0.4669 0.8779
228 170. 0 0.4557 0.8917 314 190. 0 0.3459 0.8221
193 170 . 1 0.3560 0.8505 270 190.0 0.2708 0.7737
165 170. 0 0.2650 0.8063 227 190 . 0 0.2121 0 .7011
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TABLE 4.3 (Continued)
Vapor-Liquid Equilibrium Data For Systems With cis- 
Decalin(1)
T=17Ci °c T= 190 °C
P(mmHg) T ( °C) X1 P(mmHg) T ( °C) X1
Dibenzofuran(2)
378 170.0 0.9181 0 .9803 651 190. 0 0.9770 0.9929
3 54 170. 0 0.8409 0.9642 621 190. 0 0.9215 0.9808
339 170.0 0.7807 0.9511 582 190. 0 0.8382 0.9612
323 170. 0 0.7335 0.9388 557 190. 0 0.7850 0.9468
302 170. 0 0.6603 0.9227 531 189.9 0 .7194 0 . 9344
285 170 . 1 0.5953 0.9037 497 190.0 0 . 6581 0 .9121
261 170.0 0.4992 0.8835 469 190 . 0 0.5822 0.8987
236 170. 0 0.4022 0.8588 429 190.0 0.4958 0.8761
207 170. 0 0.3093 0.8300 388 190. 0 0.4025 0.8414
340 190. 0 0.3072 0.8166
Phenanthrene(2)
395 170. 0 0.9763 0.9991 645 189 .9 0.9713 0. 9986
345 170. 1 0.8296 0.9934 567 189 . 9 0.8291 0.9915
325 170.0 0.7693 0.9908 534 190. 0 0.7739 0.9888
309 170. 0 0.7120 0.9893 507 190. 0 0.7131 0.9862
286 170. 0 0.6434 0.9866 470 189 . 9 0.6454 0.9834
256 170. 1 0.5424 0.9829 420 190. 0 0.5427 0 . 9782
233 170. 0 0.4581 0.9795 381 190. 0 0.4628 0.9735
194 170. 1 0.3451 0.9719 317 190. 0 0.3435 0.9642
152 170.0 0.2338 0.9597 247 189 . 9 0.2347 0.9479
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TABLE 4*4
Results of Thermodynamic Consistency Tests
System T(°C) RMSD* P RMSD* y,
Tetralin(1)/Naphthalene(2)
Tetralin(1)/Biphenyl(2) 
Tetralin(1)/Acenaphthene(2) 
Tetralin(1)/Dibenzofuran(2) 
Tetralin(1)/Phenanthrene(2) 
cis-Decalin(1)/Naphthalene(2) 
cis-Decalin(1)/Biphenyl(2) 
cis-Decalin(1)/Acenaphthene(2) 
cis-Decalin(1)/Dibenzofuran(2)
170. 0 0.43 0.0091
190. 0 0.94 0.0034
170.0 0. 58 0.0030
190 . 0 0 . 92 0.0055
170 . 0 0 .47 0.0014
190 . 0 0.77 0.0060
170 . 0 0.73 0.0065
190.0 0. 62 0.0040
170.0 0. 59 0.0051
190. 0 1. 49 0.0006
170. 0 0.76 0.0056
190. 0 0.42 0.0034
170.0 0. 09 0.0050
190.0 1. 50 0.0076
170 . 0 0 . 58 0.0094
190 . 0 2 .45 0.0074
170 . 0 0.79 0.0041
190. 0 1.91 0.0057
170. 0 1. 06 0.0013
190. 0 1. 55 0.0018
cis-Decalin(1)/Phenanthrene(2)
* Root mean square deviation
N
RMSD P= (1_ £(P . - P .)2)1/2
■ c a l c  '
N  i»l
RMSD y, - <^_ E(y u -y,.«>pt)2) 1/2
N i-l
500
4 5 0
4 0 0
UJ
S  3 5 0
CO
to  3 0 0LU
cr
CL
2 5 0
200
MOLE F R A C T I O N  O F  T E T R A L I N
Figure 4.2: Vapor-Liquid Equilibrium Data For The 
Tetralin/Naphthalene System.
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squared deviation (RMSD)in pressures as reported by Coon et 
al., 1988b are 3.47, 1.01, and 1.69 mm Hg. at 150, 160, and
180 °C respectively. Our RMSD pressure values for the 
tetralin-biphenyl system at 170 and 190 °C are 0.58 and 
0.92 mm Hg. respectively. We also show improved values of 
RMSD pressures for the tetralin-dibenzofuran system.
The data obtained in the binary systems were analyzed 
using the maximum likelihood method and five conventional 
liquid-phase models to obtain binary interaction parameters. 
Tables 4.5 and 4.6 present the binary interaction parameters 
and the root-mean-squared deviations(RMSDs) obtained for the 
systems with tetralin and cis-decalin respectively. This 
Table shows that there is little variation in the RMSD 
values for P, T, x1 and y, using different models. Each of 
the models gives a good fit of the data. This result is 
expected since the systems studied are only slightly 
nonideal. This Table also shows that for most of the 
systems RMSD deviations are comparable to experimental 
uncertainties, although for some systems the residuals in 
pressure and vapor phase mole fraction are larger than 
expected.
All the systems show positive deviations from Raoult's 
law. Figure 4.3 shows a comparison of experimental activity 
coefficients with those calculated using LJNIQUAC for the 
cis-decalin-naphthalene system at 170 °C. There is a good
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TABLE 4.5
Binary Parameters and Root-Mean-Squared Deviations (RMSDs)
From Regression of VLB Data; Binary Systems With Tetralin(1)
RMSD
T(°C) Model A d 12 A21d P(mmHg) T ( °C) X1 y^
170 UNIQUAC 2269.68
Naphthalene(2) 
-1690.46 1.16 0 . 02 0.0005 0.0052
NRTL 4198.93 -2981.40 1. 16 0 . 02 0.0005 0.0052
Wilson -2746.47 4132.76 1. 19 0 . 02 0.0005 0.0050
Van Laar 0.02319 0.21115 1. 08 0 . 02 0.0005 0.0052
Margules -0.00686 0.08824 1. 09 0 . 02 0.0005 0.0055
190 UNIQUAC 125.34 -31.75 0.74 0 . 02 0.0002 0.0019
NRTL -203.01 527.66 0.74 0 . 02 0.0002 0.0019
Wilson -77.01 399.62 0.74 0 . 02 0.0002 0.0019
Van Laar 0.08355 0.07876 0.74 0 . 02 0.0002 0.0019
Margules 0.08319 0.07892 0.74 0 . 02 0.0002 0.0019
170 UNIQUAC
B
583 . 36
iphenyl(2 
-493.15
’)
0. 53 0 . 01 0.0003 0.0027
NRTL 1653.94 -1282.07 0. 53 0 . 01 0.0003 0.0027
Wilson -1158.48 1500.70 0. 53 0.01 0.0003 0.0027
Van Laar 0.04495 0.06345 0.53 0 . 01 0.0003 0.0027
Margules 0 . 04324 0.06179 0. 53 0 . 01 0.0003 0.0027
190 UNIQUAC 1316.62 -1079.43 1. 07 0 . 03 0.0008 0.0042
NRTL 3142.32 -2363.55 1. 09 0 . 03 0.0007 0.0040
Wilson -187.88 2524.64 1. 07 0. 03 0.0008 0.0042
Van Laar 0.03919 0.07280 1. 04 0 . 03 0.0008 0.0044
Margules 0.00708 0.07871 1. 11 0 . 03 0.0007 0.0037
170 UNIQUAC
Acenaphthene(2) 
194.92 -156.67 0.56 0.01 0.0002 0.0018
NRTL 789.70 -591.24 0. 57 0.01 0.0002 0.0017
Wilson -244.95 423.96 0. 56 0.01 0.0002 0.0017
Van Laar 0.04131 0. 04575 0. 56 0.01 0.0002 0.0017
Margules 0.03686 0.04685 0. 58 0.01 0.0002 0.0017
190 UNIQUAC -1212.67 1481.07 2 . 32 0. 06 0.0001 0.0022
NRTL -2156.16 2797.06 2 . 32 0. 06 0.0001 0.0023
Wilson 1872.74 -1383.56 2 . 34 0. 06 0.0001 0.0021
Van Laar 0.05154 0.02954 2 .35 0. 06 0.0001 0.0021
Margules 0.07455 0.01401 2. 26 0.06 0.0001 0.0024
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TABLE 4.5(Continued)
Binary Parameters and Root-Mean-Squared Deviations (RMSDs)
From Regression of VLE Data; Binary Systems With Tetralin(1)
T ( °C) Model A d 12
RMSD
A21d P(mmHg) T ( °C) *1 y^
Dibenzofuran(2)
170 UNIQUAC 1749.03 -1361.23 0.69 0.01 0.0003 0.0041
NRTL 3467.69 -2040.46 0.68 0.01 0.0004 0.0040
Wilson •1522. 05 2821.01 0.69 0 . 01 0.0004 0.0040
Van Laar 0.16643 0.29213 0.68 0 . 01 0.0003 0.0040
Margules 0.12983 0.27853 0.69 0 . 01 0.0004 0.0038
190 UNIQUAC 1083.69 -920.90 0.81 0 . 02 0.0004 0.0042
NRTL 2213.51 -1244.87 0.81 0. 02 0.0004 0.0042
Wilson •995. 00 1899.96 0.81 0. 02 0.0004 0.0042
Van Laar 0. 16284 0.21937 0.81 0. 02 0.0004 0.0041
Margules 0. 12983 0.27853 0.81 0. 02 0.0004 0.0041
Phenanthrene(2)
170 UNIQUAC 1036.67 -697.26 1.29 0. 01 0.0004 0.0009
NRTL 3123.13 -1741.0 1.31 0.01 0.0004 0.0009
Wilson •740. 58 2040.9 1.29 0. 01 0.0004 0.0009
Van Laar 0.18783 0.3101 1.29 0.01 0.0004 0.0009
Margules 0.17703 0.2925 1.35 0.01 0.0004 0.0008
190 UNIQUAC 1764.13 -1267.27 1.26 0 . 02 0.0006 0.0007
NRTL 4346.41 -2665.61 1.31 0 . 03 0.0006 0.0006
Wilson •1469.91 3052.28 1.25 0 . 02 0.0006 0.0007
Van Laar 0.12766 0.29656 1.24 0 . 02 0.0006 0.0007
Margules 0.08050 0.25851 1.41 0 . 03 0.0007 0.0005
d Parameters l i s t e d a r e  in(Joules/mole) for UNIQUAC, NRTL 
and Wilson models; However for Van Laar and Margules, they 
are dimensionless.
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TABLB 4.6
Binary Parameters and Root-Mean-Squared Deviations (RMSDs)
From Regression of VLE Data; Binary Systems With cis-
Decalin(1)
T ( °C) Model A d m12
RMSD
A21d P(mmHg) T ( °C) X1 yi
Naphthalene(2)
170 UNIQUAC 450.99 -0.9827 0.90 0. 02 0.0005 0.0037
NRTL -368.55 2172.70 0.90 0. 02 0.0005 0.0037
Wilson 941.38 863.82 0.91 0.02 0.0005 0.0037
Van Laar 0. 48678 0.39497 0.90 0. 02 0.0005 0.0037
Margules 0. 48317 0.38972 0.88 0 . 02 0.0005 0.0037
190 UNIQUAC 663.14 -157.16 0.48 0 . 02 0.0004 0.0003
NRTL -81.99 1999.16 0.47 0 . 02 0.0004 0.0003
Wilson 819.64 1120.44 0.49 0 . 02 0.0004 0.0003
Van Laar 0 . 49739 0.42332 0. 47 0 . 02 0.0004 0.0003
Margules 0 . 49489 0.42053 0.44 0 . 02 0.0004 0.0029
Biphenyl(2)
170 UNIQUAC 518.74 -197.22 0 . 32 0. 01 0.0003 0.0045
NRTL 1064.99 294.06 0.33 0. 01 0.0003 0.0045
Wilson -169.06 1550.93 0.33 0.01 0.0003 0.0045
Van Laar 0. 34480 0.36669 0.33 0. 01 0.0003 0.0045
Margules 0. 34342 0.36678 0. 33 0.01 0.0003 0.0045
190 UNIQUAC 1508.22 -1045.16 1. 88 0.06 0.0011 0.0074
NRTL 2938.58 -1450.10 1. 88 0.06 0.0011 0.0074
Wilson -1343.57 2720.09 1. 88 0. 06 0.0011 0.0074
Van Laar 0.23776 0.34173 1.87 0.06 0.0011 0.0076
Margules 0.20455 0.34141 1. 88 0. 06 0.0010 0.0069
Acenaphthene(2}
170 UNIQUAC 557.29 -237.84 0. 98 0.01 0.0005 0.0042
NRTL 481.93 1003.51 0.98 0.01 0.0005 0.0042
Wilson 630.87 887.17 0. 97 0 .01 0.0005 0.0042
Van Laar 0. 39743 0.38160I 0.98 0.01 0.0005 0.0042
Margules 0. 39750 0.38133 0.98 0 .01 0.0005 0.0042
190 UNIQUAC 1366.15 -970.18 1. 59 0 . 04 0.0011 0.0070
NRTL 1709.95 -464.14 1. 59 0. 04 0.0011 0.0070
Wilson -374.77 1604.98 1. 59 0. 04 0.0011 0.0070
Van Laar 0. 26930 0.31907 1. 59 0. 04 0.0011 0.0070
Margules 0. 26218 0.31891 1. 59 0. 04 0.0011 0.0070
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TABLE 4,6(Continued)
Binary Parameters and Root-Mean-Squared Deviations (RMSDs)
From Regression of VLE Data; Binary Systems With cis-
Decalin(1)
T ( °C) Model A d 12
RMSD
A21d P(mmHg) T ( °C) *1
Dibenzofuran(2)
170 UNIQUAC -1038.20 1837.40 1.21 0.02 0.0005 0.0056
NRTL -552.32 3665.32 1.15 0 . 02 0.0004 0.0056
Wilson 2347.32 794.62 1. 30 0 . 03 0.0005 0.0057
Van Laar 0.83487 0.59115 1. 20 0. 02 0.0005 0.0055
Margules 0.81618 0.57209 1. 00 0 . 02 0.0004 0.0053
190 UNIQUAC -911.48 1644.40 1.29 0. 04 0.0007 0.0059
NRTL -2255.51 3256.21 1.27 0. 04 0.0007 0.0058
Wilson 2074.92 1012.41 1.32 0. 04 0.0007 0.0060
Van Laar 0.77678 0.59090 1.28 0. 04 0.0007 0.0058
Margules 0.75804 0.58127 1.24 0. 04 0.0007 0.0057
Phenanthrene(2)
170 UNIQUAC 187.24 407.12 1. 16 0.02 0.0004 0.0013
NRTL 1438.99 1536.74 1. 14 0.02 0.0004 0.0013
Wilson 1622.99 1518.08 1. 09 0 . 02 0.0003 0.0014
Van Laar 0.75872 0.75650 1. 16 0 . 02 0.0004 0.0013
Margules 0.75897 0.75642 1. 16 0.02 0.0004 0.0013
190 UNIQUAC 201.44 396.00 1.43 0 . 04 0.0008 0.0020
NRTL 1490.79 1527.47 1.41 0. 04 0.0008 0.0020
Wilson 1590.33 1588.25 1.35 0. 04 0.0007 0.0020
Van Laar 0.7 3611 0.73749 1.43 0. 04 0.0008 0.0013
Margules 0.73420 0.73740 1.43 0. 04 0.0008 0.0013
3 P a r a m e t e r s l i s t e d a r e i n ( J o u l e s / m o l e )  for UNIQUAC, 
NRTL and Wilson models; However for Van Laar and Margules, 
they are dimensionless.
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Figure 4.3: Comparison Of Experimental Activity
Coefficients With Those Obtained Using 
UNIQUAC For The cis-Decalin{l)/
Naphthalene(2) System at 170 °C.
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Figure 4.4: Comparison Of Experimental Activity
Coefficients With Those Obtained Using 
UNIQUAC For The cis-Decalin(1)/ 
Acenaphthene(2) System at 170 »C.
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agreement between calculated and experimental values of 
activity coefficients for this system. Figure 4.4 compares 
experimental activity coefficients with those calculated 
using UNIQUAC for the cis-decalin-acenaphthene system at 170 
°C. The results suggest a small systematic error in the 
experimental activity coefficients for the heavy component. 
A similar but smaller systematic error was observed for the 
cis-decalin-phenanthrene system. We suspect solidification 
of heavier component in the condenser and sample lines 
although precautions were taken during the vapor-liquid 
equilibrium study to avoid this. The remaining systems gave 
results similar to Figure 4.3. The error bars in Figures 4.3 
and 4.4 are plotted utilizing the accuracy associated with 
the composition analysis (by Gas Chromatograph). The 
calculated values of activity coefficients varied between
1.00 and 1.15 for tetralin-naphthalene isotherms; between
1.00 and 1.06 for tetralin-biphenyl; between 1.00 and 1.05 
for tetralin-acenaphthene; and between 1.00 and 1.3 3 for 
tetralin-dibenzofuran and tetralin-phenanthrene isotherms. 
The calculated activity coefficients were higher for the 
systems with cis-decalin, i.e., between 1.00 and 1.44 for 
cis-decalin-naphthalene; between 1.00 and 1.41 for cis- 
decalin-biphenyl systems; between 1.00 and 1.4 5 for cis- 
decalin-acenaphthene; between 1.00 and 1.73; and between
1.00 and 2.13 for cis-decalin-dibenzofuran and cis- 
decalin-phenanthrene isotherms respectively. The calculated
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as well as experimentally determined activity coefficients 
for a given system at a given concentration decreased 
with increase in temperature, indicating a positive 
excess molar enthalpy. This result is expected for 
nonpolar systems which will exhibit approximately regular 
solution behavior.
The vapor-liquid equilibrium data for each system were 
also compared with the results calculated using Scatchard- 
Hildebrand regular solution theory. For this purpose, 
activity coefficients for the two components of the binary 
system were calculated using equations 2(a), 2(b), 3(a) and 
3(b) and then utilized to determine the bubble point 
pressure P, and vapor phase mole fraction of component 2. 
The calculated activity coefficients for the system cis- 
decalin/acenaphthene at 170 °C using regular solution 
theory have been plotted in Figure 4.4.
Figure 4.5 compares the measured bubble point pressures 
with those calculated using regular solution theory for the 
system cis-decalin(1)/naphthalene (2) at 170 and 190 °C. 
Figure 4.6 shows calculated and experimental vapor phase 
mole fractions for this system at 170 °C. The agreement 
between experimental and calculated bubble pressures and 
vapor phase mole fractions for this system is very good(AAD 
P = 0.26 %, AAD y2 = 1.55 % at 170 °C; AAD P =0.75 % at 190 
'C) .
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Figure 4.5: Comparison Of Experimental Pressures With
Those Obtained Using Regular Solution Theory 
For The System Cis-Decalin/Naphthalene at 170 
and 190 *C.
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Figure 4.6: Comparison of Experimental Vapor Phase Hole 
Fractions With Those Obtained Using Regular 
Solution Theory For The System Cis-Decalin/ 
Naphthalene at 170 °c.
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Table 4.7 lists the average absolute deviations and 
maximum absolute differences between calculated and 
experimental pressures and vapor phase mole fractions for 
the ten systems studied at two isotherms each. The regular 
solution theory predicts the bubble point pressure within 
an average absolute deviation of 2 % and vapor phase mole 
fraction of heavy component within 10 %. For one system, 
tetralin(l)/phenanthrene(2) at 190 °C, AAD (y2 ) was found 
to be more than 10 % (12.74 %). Because of simplifying 
assumptions made in derivation of regular solution theory 
equations, one cannot expect complete quantitative 
agreement between calculated and experimental results, but 
for reasonable estimates of nonpolar systems of binary 
mixtures in the absence of any data, the regular solution 
equations provide useful results.
TABLE 4*7
Comparison of Regular Solution Theory Predictions With 
Experimental Data
System T (°C) AAD P(%) Maxm.
diff. P 
(mm Hg.)
AAD y2(%) Maxm.
diff. y2
Tetralin(1)/ 170-0 0. 467 2.50 3.980 0.01663
Naphthalene(2) 190.0 0. 207 1.90 1.420 0.00388
Tetralin(l)/ 170 . 0 0 . 440 1.60 1. 560 0.00815
Biphenyl(2) 190.0 0 . 563 4 . 50 1 . 988 0.01373
Tetralin(l)/ 170. 0 0.239 1. 20 1. 099 0.00438
Acenaphthene(2) 190. 0 0. 704 6 . 10 1. 149 0.00346
Tetralin(1)/ 170.0 0. 497 3 . 60 8 . 409 0.00835
Dibenzofuran(2) 190.0 0.370 2 . 50 9 . 108 0.00941
Tetralin(1)/ 170 . 0 1. 642 5.70 6 . 600 0.00437
Phenanthrene(2) 190.0 1. 158 6 . 80 12.734 0.00740
cis-Decalin(1)/ 170. 0 0 . 260 1 . 20 1. 548 0.00430
Naphthalene(2) 190. 0 0.745 6 . 10 1 . 612 0.00346
cis-Decalin(1)/ 170.0 0 . 688 2 . 10 4 . 500 0.01102
Biphenyl(2) 190.0 0.613 7 . 00 8.200 0.02024
cis-Decalin(1)/ 170.0 0.872 5.20 7 .422 0.01090
Acenaphthene(2) 190 . 0 0.841 8.40 9 . 884 0.01510
cis-Decalin(1)/ 170.0 1. 976 9.20 3 . 680 0.00800
Dibenzofuran(2) 190. 0 1. 912 11. 4 5. 195 0.01140
cis-Decalin(l)/ 170.0 1. 777 8 . 10 5. 676 0 . 00428
Phenanthrene(2) 190. 0 1. 968 12 . 0 6 . 641 0.00545
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CONCLUSION
Pure component vapor pressure and vapor-liquid equi­
librium data for mixtures containing polynuclear aromatic 
hydrocarbons have been measured and are found to be 
thermodynamically consistent. These data are used to 
determine the activity coefficients in the liquid phase 
using five different models. It is observed that any of the 
five models can be used to correlate activity coefficients 
for these moderately non-ideal systems.
The measured pressures and vapor phase mole fractions are 
compared with those predicted using regular solution theory. 
In the temperature and liquid phase mole fraction range 
studied for the ten systems, regular solution theory 
predicts the bubble point pressures and vapor phase mole 
fractions quite well. Therefore, regular solution theory 
can be used as a first approximation to predict the vapor- 
liquid equilibrium for these systems.
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NOMENCLATURE
A = Antoine's parameter in equation (4)
A ,2 = UNIQUAC, NRTL, Wilson, VanLaar and Margules Parameter 
A21 = UNIQUAC, NRTL, Wilson, VanLaar and Margules Parameter 
B = Antoine's parameter in equation (4)
C = Antoine's parameter in equation (4)
Dp = Dipole moment (Debye)
N = Total number of data points
P = Pressure (mm Hg)
Pc = Critical pressure (bar)
P, calc = Calculated value of pressure (mm Hg)
Pj t = Measured value of pressure (mm Hg)
Pj0 = Vapor pressure of component i (mm Hg) 
q 4 = Pure component parameter in UNIQUAC 
rf = Pure component parameter in UNIQUAC 
R= Gas Constant
Rrf = Mean radius of gyration (“A)
S = Objective function as defined in equation (1)
T = Temperature (K)
Tc = Critical Temperature (K)
Tj lc * Calculated value of temperature (°C)
T, expt = Measured value of temperture (°C)
T,,, = Melting point Temperature (°C)
Vc = Critical volume (cm3 mole"1)
Vjl = Molar volume of liquid i (cm3 mole'1)
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Xj = Liquid phase mole fraction of component i
xi caic “ Calculated value of liquid phase mole fraction of 
component i
x( t = Measured value of liquid phase mole fraction of 
component i
y; = Vapor phase mole fraction of component i
y, calc = Calculated value of vapor phase mole fraction of 
component i
y^  aKpt = Measured value of vapor phase mole fraction of 
component i
ZRA = Rackett parameter
y, = Activity coefficient of component i 
= Solubilty parameter of component i 
- ((P.clc
o j = Standard deviation of variable i
= Volume fraction of component i as defined in equa­
tions 3(a), 3 (b)
o = Acentric factor
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APPENDIX A
Physical Properties of Compounds Used in This Study (*)
Compound Molecular
weight
Melting 
Point(°C)
Boiling 
Point(°C)
Tetralin 132.21 -35.7 207 .6
cis-Decalin 138.25 -43.0 195. 8
Naphthalene 128.17 80.3 217 . 7
Biphenyl 154.21 69 . 6 255.0
Acenaphthene 154 .21 93 . 5 279 . 0
Dibenzofuran 168.20 82 .7 154 . 6
Phenanthrene 178 .23 99 . 8 340. 0
7*3 Tsonopoulos et al., 1986.
APPENDIX B
Chemical Structure of Compounds Used in This Study
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SOLUTES
Biphenyl Naphthalene
Dibenzofuran
Acenaphalene
P henan th rene
SOLVENTS
Tetralin C i s -  Decenlin
CH
I - Methyl 
N aph tha lene
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APPENDIX C 
Liquid Phase Model
VftB Lflflf
This model was developed by J. J. Van Laar in the 1920's 
and is derived from Wohl's Expansion* The derivation of 
this model suggests that it hold good for simple, nonpolar 
systems* However, empiricirally it has been found that this 
model can also represent complex systems satisfactorily. 
The equations for activity coefficients are:
Binary System
In Yl = (A12)/{1+(A12/A21) (xl/x2))2
In y2 = (A21) / (1+(A21/A12) (X2/X1) )2
Ternary System
In y, = ( U 22 A12(A21/A12)2) + (x32 A13(A31/A13)2) +
( * 2  X 3 ( * 2 1  * 3 1  /*1 2  * 1 3 J f* 1 2  *13 *32 *13 *31 ^   ^  ^?
(x, + ( X 2 A21/A12) + (x3 A31/A13))2
Expressions for y2 and y3 are of the same form as 
that for Yl* The Van Laar equation is preferred for its 
simplicity.
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3-Suffix Margules Modsl
The mathematical treatment for the Margules model was 
developed by M. Margules in 1895. This model can also be 
derived from Wohl's expansion of the excess Gibbs free 
energy. The expressions for activity coefficients are:
Binary System
In Yi = ^2^  (A^j+2 (Aji —A^2) Xi)
In y2 ~ x^  ( A2,j+2 (A 2^—A2^ ) x2)
Ternary System
In y1 = A12 x22(1-2 x ,) + 2 A21 x, x^l-x,) +
A13 x32(1-2 x,) + 2 A31 xt x3(1-x1)- 2 A23 x2 x32 -
2 Aj2 X3 X22 +(0.5(A12 +A21 +A13 +A23 +A32) ) (X2 Xj-2 X, X3
x 2>
Expressions for Y2 and y3 are obtained from above equation 
by a change of subscript on the right hand side. For y2 
replace 1 with 2; 2 with 3; and 3 with 1. For Y3 replace 1
with 3; 2 with 1; and 3 with 2.
The 3-suffix Margules equation has an advantage over the 
Van Laar and Wilson equations as it can represent minima and 
maxima in the In y curves.
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Wilson Mods!
This model was developed by G. N. Wilson in 1964. It: 
utilizes the concept of local composition. The 
activity coefficient are given by:
Binary System
In Yi = -ln(x, +x2 G12)+ x2 ((G12/(x1 + x2 G1Z)- 
(G2i/(x2+ x, G21))
In y2 = -ln(x2 +x, G21) - x, ( (G,2/(x1 + x2 G1Z)- 
(G21/( x 2+ x 1 G21))
Multicomponent System
In y( = l-ln (E x} Gfj)- £( xk Gki/E xj Gkj)
j k j
where G-t = v^/Vj1 exp(-Asj/RT)
are adjustable binary parameters.
The Wilson equation is most useful for highly assymetric 
systems such as polar solutions or associating components.
UNIQPAC Model
This model was developed by Abrams and Prausnitz in 1975. 
It is a local composition model similar to those of Wilson 
and Renon and Prausnitz (NRTL). According to this model, the 
activity coefficients are given by:
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Binary System
In y, = In (4,/x,) +(z/2 ) q, In (6 ,/*,) +*, (1, -r,/r2 12) 
-q1ln(0 1 +0 2 t21)+02 ql((T12/(02 +0 1 r 12) - (r21 / (0 1 +02 t21) )
In y2 = ln (*2/*2) + (2/2) q2 In (02/*2) +*2 (12 -r2/r, 1,) 
-q2ln(02 +0 , t12)+0 , q2((r12/(02 +0 , r 12) - ( t21 / (0 , +02 r21))
where = (2/2 ) (r, - q;) -(r( -1) 
and T(j = exp(-A,j/RT) 
and 0 j = (q{ x,/Z q( xf)
i
and *, = (r^  x(/Z r( x()
i
Multicomponent System
In y, = ln(*,/x)) +(z/2 ) q, lnCBj/^J+lj -*,/x( (S li -
j
-qj In (Z 0j tJ()+ q, -q( ZCOj x-J (Z0k rkj) 
j j k
where Af j are the adjustable binary parameters.
The UNIQUAC model is applicable for both vapor-liquid and 
liquid-liquid equilibria and performs better on complex
systems than some of the other equations because,
the primary concentration variable is surface fraction 
as compared to a mole fraction. This model has a wide range 
of application.
Mon Random Two Liquid (HRTL) Model
NRTL model was developed by Renon and Prausnitz in 1968. 
This model is also based on the local composition concept. 
It contains three parameters for each binary system. 
The third parameter is related to the nonrandomness in the 
mixture. When experimental data are scarce, the value of 
this parameter is usually taken as 0.3. The Activity 
coefficients equations for this model are:
Binary System 
Iny^ Xj (t21 (G^/ (X.j +Xg Gj,.j)) +(^12 ^12^^^2 ^^1 ^ 12 ^ ^
l n y ^21 ^ ^12^  ^ ^2 "*”^ 1 *^12^  ^ ^ ^21 ^21 ^ ^ ^1 ^^2 ^ 21 ^ )
where t12 = A12/RT and r21 = A21/RT
and G12 = exp(-a t 12) G21 = exp(-a t 21)
a=0. 3
For moderately nonideal systems, NRTL equation has no 
added advantages over simplified Van Laar or 3-suffix 
Margules equations. However, for strongly nonideal systems, 
NRTL equation represents data very well.
APPENDIX D
Thermodynamic Properties of Each Compound Used in VLE Data Analysis
Compound
(K)
Tc P v
(bars) (cc/mole)
ZRA
(
Rd Dp
°A) (Debyes)
r q
Tetralin 719.0" 35.1" 436. 3C 0.2639b 4.283* 0.00d 5.338d 3.648d
cis-Decalin 702.3" 32.0" 473.3C 0.2654b 4.128* 0.00’ 6.159d 4 . 395d
Naphthalene 748.4" 40. 5" 413.0" 0.2640b 4.274* 0.00* 4.875d 3 . 368d
Biphenyl 789.0" 38. 5" 502.0" 0.2579b 4.899* 0.00f 6.0349 4.2409
Acenaphthene 798. 3C 33. 9C 495.lc 0.2514b 5.552* 0.85h 5.798d 3.816d
Dibenzofuran 817. 8C 38.0C 452.8C 0.2524b 5.447* 0.88f 5.999d 4 .648d
Phenanthrene 873 .0" 33.7C 554.0* 0.2526b 5.426* 0.00" 6.7739 4.4809
* According to Reid, Prausnitz and Poling (1987).
b Value estimated from Yamada and Gunn (1973) correlation with « obtained 
from the literature.
c Calculated using the correlations given by Roman et al. (1986).
d According to Coon et al. (1988a).
* Back calculated using equation «= 0.006026 Rd+ 0.02096 Rd2- 0.001366 
Rd3 and using u values from *.
f Dean's Handbook of Organic Chemistry (1987).
9 Reported in Gmehling et al. (1980) vol 1, Part 7.
h According to Ishiguro et al. (1957).
APPENDIX E
Solubility Parameters* and Liquid Molar Volumes* at the Melting Points of 
the Solids
T„(K) Solids Tetralin cis- Decalin
V 1 2 *1 V,' 51 V,1
Naphthalene 352.8 19.67“ 130.9d 18.15* 143.0“ 16.36* 165.6’
Biphenyl 342.6 19.30" 155.2“ 18.37* 141.9“ 16.59* 163.9’
Acenaphthene 366.5 18.93b 149.8f 17.87“ 144.7“ 16.24* 167.7'
Dibenzofuran 355.7 20.41c 152.5° 18.10* 143.4“ 16.37* 166.2'
Phenanthrene 372.8 19.77“ 168. lh 17.74* 145.4* 16.00* 169.5'
Enthalpy of vaporization was calculated by using the Clausius-Clapeyron 
equation with the Antoine equation constants given by Reid et al.
(1977) .
b Antoine Constants given by Dean (1979). 
c Carruth and Kobayashi (1972).
d Weast (1979), Reid et al. (1977) and Dean (1979).
* Timmermans (1965). 
f Lange and Forker (1961).
9 Tsonopoulos et al. (1986).
h International Critical Tables (1926). Extrapolated by using equation 
12-3.2 of Reid et al. (1977).
' Calculated using modified Rackett equation.
Solubility parameters are in (J/cm3) and liquid molar volumes are in
(cm3/mole) .
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INTRODUCTION
The usual goal of a vapor-liquid equilibrium study is to 
obtain activity coefficients or excess Gibbs energies for the 
liquid phase.In the past years these data were measured using 
both static equilibrium cells and dynamic equilibrium stills. 
However, vapor-liquid equilibrium experiments are difficult 
to conduct, particularly for high boiling compounds because 
of possible sources of error and a requirement of specialized 
apparatus. On the other hand, activity coefficients in the 
liquid phase can also be determined from solid solubility 
experiments where apparatus required is simple and 
inexpensive and experimental procedures are routine and 
almost foolproof (Coon et al., 1988a).
The goal of this study is to predict vapor-liquid equili­
brium (VLE) for binary systems containing polynuclear aromatic 
hydrocarbons by using binary UNIQUAC parameters obtained from 
the regression of solid-liquid equilibrium (SLE) data and 
minimum vapor-liquid equilibrium data. New SLE data are 
reported for five binary systems: mixtures of cis-decalin 
with naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene. SLE results for mixtures of tetralin and the 
same compounds have already been obtained in this laboratory 
(Coon et al., 1988c) as well as VLE data for all ten binary 
systems(Chapter 4).
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The first section is a discussion of the procedure for 
the solid-liquid equilibrium experiments. This is followed 
by a brief discussion of the method for determining the 
UNIQUAC constants and correlating the SLE and VLE data. The 
results of this analysis are presented in the third section. 
The last section discusses some of the important conclusions 
observed in this study.
102
EXPERIMENTAL PROCEDURE
The chemicals used in this study were purchased from 
Aldrich Chemical Company. Solid samples were purified 
further by activated alumina chromatograpy using toluene as 
an eluant. After recrystallization toluene was removed in 
vacuo. The liquid samples, i. e., tetralin and cis-decalin, 
were distilled in vacuum and stored over molecular sieve 
before use. The final samples were analyzed by gas chromato­
graphy. The results were as follows: naphthalene (99.89 %),
biphenyl (99.97 %), acenaphthene (99.58 %), dibenzofuran 
(99.78 %), phenanthrene ( 99.13 %), tetralin (99.69 %), and 
cis-decalin (99.72 %).
Solid-Liquid Equilibrium
In the solid-liquid equilibrium study, mixtures of
predetermined composition of solids with the solvents were 
made up in glass ampoules and the ampoules were sealed while
they were frozen in a Dewar vessel containing powdered dry
ice. The ampoules were then placed in a constant temperature 
bath and the temperature of the bath slowly increased at 
O.l^C every 1800 sec. as the ampoules were slowly turned 
(about 0.25 rps). The temperature at which the last trace of 
solid dissappeared was visually observed. This technique is 
very fast and highly reproducible. The errors in the
composition and temperature measurements are ± 0.0003 mole
103
fraction and ± 0.1 K respectively. The procedure to find 
solid solubility has been published previously (McLaughlin 
and Zainal, 1959, I960 a, b; Choi and McLaughlin, 1983 a,
b) .
Vapor-Liquid Equilibrium
Vapor-liquid equilibrium data for binary mixtures 
containing these polynuclear aromatic compounds were 
measured at 170 and 190°C using a continuous recirculating 
still manufactured by Fisher Labor-und-Verfahrenstechnik of 
West Germany. The results for the ten binary systems are 
reported in Chapter 4.
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DATA ANALYSIS
Solid-Liquid Equilibrium
The method of SLE data analysis has been published 
previously {Choi and McLaughlin 1983 a, b; Choi et al., 
1985; Coon et al., 1987, 1988 a,b,c). For a given data point,
the experimental activity coefficient of the solute in the 
solvent is calculated from the measured solubilty utilizing 
the thermodynamic properties of the pure solute, i.e., molar 
entropy of fusion and difference between solid and liquid 
heat capacities at the triple point. The following equation 
was used:
^ S /'Ti T (* ^ C P,T« T m
-In x. = _________  [(___  )- l] -  !__[(___ )- l]
R T R T
AC„ T_ T_ Av
+     _ i _
RT
P,T" In <_!_> + m  Yf + 1 +  L(P-PfS8t ) (1 )
1 in equation (1) represents the effect on the solid 
solubility of a solid- solid lambda phase transition in the 
solute (Choi and McLaughlin, (1983b). This term applies to 
only those solutes which undergo a lambda phase transition. 
Also this term is zero if the temperature at which the last 
trace of solute dissappears is above the transition 
temperature.
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However, for temperatures below the lambda transition it 
is given by :
RT R
where A hsp and A s4p are the enthalpy and entropy
changes of the lambda transition, respectively. The last 
term in equation (1) is the Poynting correction factor. 
This term is usually negligible at low pressure and was 
therefore neglected in our calculations. The properties of 
solutes necessary for analysis of the data to find 
experimental activity coefficients are reported in Coon et 
al. (1988c).
The experimentally determined activity coefficients from 
equation (1) were used to determine the binary UNIQUAC 
interaction parameters based only on the SLE data. In this 
regression technique, we used a gradient based linear search 
method (Knopf et al., 1982) to minimize the sum of squared 
deviation of the activity coefficients as the objective 
function:
F= * <(Y2,«Pt * Y2,c.ic)/Y2,«Pt>2 ) weight factor (3)
i-i
where N is the total number of data points used in the 
regression. Equation (3) was used in the regression of SLE 
data with a weight factor of 1 .
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Solid Solubility and Vapor-Liquid Equilibrium Data
Measured solid solubility data and all the vapor-liquid 
equilibrium data were first combined to determine global 
parameters in the UNIQUAC model for the binary sysytems. The 
purpose of this analysis was to obtain parameters which are 
valid over a wide range of temperature. Once again Equation 
(3) was used in the regression. However, the weight factor 
was taken to be (N-K)/K on the SLE data when the regression 
analysis was done to determine the global parameters. Here 
K is the total number of SLE data points and N is total 
number of data points {SLE and VLE in this case). This 
weight factor was selected since the number of VLE data 
points measured in this study far exceeds the number of SLE 
data points for every binary system.
The primary objective of this research was to predict the 
vapor-liquid equilibrium of binary systems containing 
polynuclear aromatic compounds by utilizing solid solubilty 
data and minimum vapor-liquid equilibrium data. To achieve 
this objective, we used all the solid solubilty and one 
vapor-liquid data point at each temperature to obtain 
another set of binary interaction parameters in the UNIQUAC 
model. The VLE point used to get the interaction parameters 
was choosen where the liquid composition of the heavier
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component was between 10 and 20 mole %. These points were 
selected since in this composition range, there is an 
appreciable amount of heavier component in the vapor phase 
which can be measured accurately for all the ten systems 
studied yet the temperature of the systems are not at 
their highest and measurements are easier to make. Inter­
action parameters were obtained by minimizing the objective 
function given by equation (3) . The weight factor was taken 
to be K/(N-K) on the VLE data when the regression analysis 
was done to determine the UNIQUAC parameters. The results of 
this analysis are given in the next section.
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RESULTS AND DISCUSSION
Solld-Liauid Eaullibrium
The solubility of five solutes (naphthalene, biphenyl, 
acenaphthene, dibenzofuran and phenanthrene have been found 
in cis-decalin. The results are reported in Table 5.1. The 
SLE data have been regressed using the UNIQUAC model to 
determine the binary parameters. The first column of Table 
5.2 presents the results. In the preparation of this Table, 
the solid-solubilty data for the five solutes, i.e., 
naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene in tetralin as a solvent were taken from the 
literature (Coon et al., 1988c). The parameters reported in 
Table 5.2 correspond to the minimum value of the objective 
function. However, we observed that a variety of parameter 
values gave a reasonable fit of the data.
Solid-Liauid and Vapor-Liquid Equilibrium Data
Detailed results of regression for the combined SLE and 
VLE data to determine global parameters are reported in the 
second column of Table 5.2. Average absolute deviations 
are also reported. The parameters obtained from SLE plus VLE 
data are different from those derived from SLE data alone. 
This reflects the observation made earlier that a variety of 
combinations of A 12 and A21 give a good representation of
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TABLE 5.1
Solid-Liquid Experimental (SLE) Data
T (K) X2,expt Y2,expt
309.2
Naphthalene(2) 
0.2745
in cis-Decalin(1)
l. 532
315.7 0. 3545 1. 369
320.4 0.4014 1.337
326.9 0.5278 1 . 162
332.7 0.6221 1. 107
340.0 0.7450 1. 063
305 . 1
Biphenyl(2) in 
0.2994
cis-Decalin(1)
1.629
311.2 0.3876 1.430
315.6 0.4610 1.315
317 . 1 0.4901 1. 274
320.9 0.5636 1. 194
325.4 0.6521 1. 123
330.0 0.7568 1. 055
328.9
Acenaphthene(2) 
0.3523
in cis-Decalin(1)
1 . 282
337 . 2 0. 4575 1. 191
341. 7 0.5495 1. 096
343 . 6 0.5884 1. 067
346.6 0.6600 1.013
310.4
Dibenzofuran(2) 
0.2298
in cis-Decalin(1)
1. 778
322 . 3 0.3662 1.442
326 . 8 0.4385 1.322
333.4 0.5594 1 . 181
337.9 0.6506 1. 109
341.6 0.7339 1.055
318 . 5
Phenanthrene(2) in cis-Decalin(1) 
0.1829 2 . 185
330.0 0.3003 1. 667
336. 5 0.3939 1.434
342 . 2 0.4962 1.264
345.6 0.5642 1 . 181
351. 9 0.6888 1. 078
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TABLE 5.2
Binary Interaction Parameters(Joules/mole) And Arithmetic 
Average Deviation (AAD) In Percent Using UNIQUAC
SLE data all SLE and VLE data SLE and one VLE
point for each 
isotherm
12 -455.18 
A,‘ 652.57
(AAD y2) (0.400)
Tetralin(1)/Naphthalene(2) 
-73.78 
161.76 
(2-747)
Tetralin(1)/Biphenyl(2)
-69.66 
130.46 
(2.35)
12
^1
10009.51 
-1890.07
(AAD y2) (1.084)
-67.26 -99.14
140.60 152.45
(1.820) (2.018)
Tetralin(1)/Acenaphthene(2)
12 71.64 
A,i 10.69
(AAD Y2> (0.337)
M2 -566.37
A21 7 3 6.91
(AAD y2) (0.663)
M2 -342.82 
A,, 586.16
(AAD y2) (0.370)
12 1338.51 
A21 -586.58
(AAD y2) (0.983)
12 488.15
A,, 118.14
(AAD y2) (0.274)
-2 .43 
56.09 
(1.461)
Tetralin(l)/Dibenzofuran(2 
5.41 
-8 .91 
(3.260)
Tetralin(1)/Phenanthrene(2 
587.25 
-338.36 
(3.437)
cis-Decalin(1)/Naphthalene(2 
195.50 
290.55 
(2.320)
cis-Decalin(1)/Biphenyl(2) 
-82.75 
396.57 
(7.479)
-14.09 
58 . 40 
(1.654)
)
50. 01 
-71.80 
(4.135)
)
-214.83 
415.26 
(1.8338)
)
22 .22 
467.28 
(1.853)
-158.03 
380.59 
(12.59)
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TABLE 5.2(Continued)
Binary Interaction Parameters (Joules/mole) And Arithmetic 
Average Deviation (AAD) In Percent Using UNIQUAC
SLE data all SLE and VLE data SLE and one VLE
point for each 
isotherm
cis-Decalin(1)/Acenaphthene(2 )
A 12 3180.07 14 .15 -121.73
A21 -1574.25 150.87 253.10
(AAD r2) (1.436) (4 .945) (5.580)
cis-Decalin(l)/Dibenzofuran(2 )
A 12 399.45 228.63 -31.60
A2i 126.90 269.95 504.81(AAD y2) (0*142) (2.922) (1.933)
cis-Decalin(1)/Phenanthrene(2 )
A 12 1203.25 218.93 207.51
A21 -414.99 330.90 356.94
(AAD y2) (0.216) (5.324) (4.325)
N
AAD y2 = _1 2 1 <<Y2iC.(c-Y2tMfrt>/<Y?iMpt>) I 
N  i«1
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the data. The global parameters give a good fit of both the 
SLE and VLE data.
Parameters obtained from the regression of solid 
solubility data only (as listed in Table 5.2) were used to 
predict vapor-liquid equilibrium at 170 and 190°C. Table 5.3 
shows the average absolute deviations of bubble point 
pressure and vapor composition for all the systems. Although 
agreement is good for some systems, the results based on SLE 
data alone are not generally satisfactory.
The dotted lines in Figures 5.1 and 5.2 compare the 
experimental pressures and vapor phase mole fractions with 
those predicted using SLE data alone for the tetralin 
/acenaphthene and cis-decalin/acenaphthene at 170 °C.
In an effort to obtain better results, all solid 
solubility data and one vapor-liquid equilibrium point for 
each isotherm were combined to obtain another set of binary 
interaction parameters in the UNIQUAC model. These 
parameters are reported in the third column of Table 5.2. 
They were then used to predict the bubble point pressure and 
vapor phase mole fraction. The solid lines in Figures 5.1 
and 5.2 show the results for two of the systems. Table 5.3 
shows average absolute deviations for all the systems. By 
utilizing solid solubility data and one vapor-liquid 
equilibrium data point one can generally predict the
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TABLE 5.3
Average Absolute Deviation For Prediction Of VLE Data
System Solid Solubility
only
data Solid solubilty and 
one Vapor-Liquid 
Eq. Point
AAD P(%) AAD y2 (%) AAD P (%) AAD y2(%)
Tetralin/
Naphthalene 1. 30 4 . 09 0.41 1. 65
Tetralin/
Biphenyl 3 .45 5.87 0.35 1 . 66
Tetralin/
Acenaphthene 1 . 16 2 . 06 0.51 1 . 10
Tetralin/ 
Dibenzofuran 1. 15 9.96 1. 78 4.44
Tetralin/
Phenanthrene 0. 98 9. 46 1.34 10 .71
cis-Decalin/
Naphthalene 3 .39 7 . 44 0.45 2.34
cis-Decalin/
Biphenyl 8 .13 18 . 89 2.17 6 . 00
cis-Decalin/
Acenaphthene 18 . 48 35.41 3 .49 6 . 63
cis-Decalin/ 
Dibenzofuran 1. 77 4 .34 0.88 3 . 22
cis-Decalin/
Phenanthrene 3 . 53 10.31 0.95 7 . 53
AAD P - E I ( (P,..le-P,.<p<)/(p,..p.) ) I
N  i*1
aad y2 = _ j _  2 | ((y2,calc-y2,„pt)/(y2,expt)) I
N  i*l
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Figure 5.1: Vapor-Liquid Equilibrium For The Tetralin/ 
Acenaphthene System at 17 0 °C.
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Figure 5.2: Vapor-Liquid Equilibrium For The Cis-Decalin/ 
Acenaphthene System at 170 °c.
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pressure within 4% and vapor phase mole fraction within 10%, 
although for one system,i.e ., tetralin/phenanthrene at 190 
°C, average absolute deviation in vapor phase mole fraction 
of heavy component was found to be 14%. The phenanthrene 
mole fraction in the vapor phase was small so its 
percentage error tends to be larger.
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CONCLUSION
Solid solubilities of five aromatic solutes have been 
measured in cis-decalin to determine activity coefficients 
in the liquid phase. These data were correlated using a 
gradient based search technique and UNIQUAC model.
Solid solubility data and vapor-liquid equilibrium data 
from our past study were combined to determine global 
parameters using the UNIQUAC model. These parameters can be 
used over a wide range of temperature {room temp, to 190 °C). 
We observed that many combinations of the two binary 
parameters produced small values of the objective 
function and good representation of the data.
Predictions of vapor-liquid equilibrium data based on 
solid solubility data alone were generally not satisfactory. 
Solid solubility data measured from room temperature to the 
melting point of the solute and one VLE point for each 
isotherm were sufficient to predict the vapor-liquid 
equilibrium curve for the systems studied.
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SYMBOLS
A 12 = UNIQUAC Binary Parameter (J mole'1)
A21 = UNIQUAC Binary Parameter (J mole"1)
ACpj lm = Heat capacity of liquid i-heat capacity of solid 
i measured at the melting point of i (J mole'1 
K'1)
Ah,p = Enthalpy change of solid-solid phase transition
for component i (J mole'1)
K= Number of solid-solubility data points
N = Total number of data points
P = Pressure (mm Hg.)
p _sat = yap0r pressure of i (mm Hg.)
R = Gas Constsnt
ASf^ T = Entropy of fusion of i measured at the melting
point of i ( J mole'1 K"1)
AS^ = Entropy change of solid-solid phase transition for
component i (J mole'1 K _1)
T = Temperature (K)
T^ * Melting point temperature
AVj = Molar volume of liquid - molar volume of solid (m3 
mole _1)
Xj = liquid mole fraction of i
x2 expt = Measured value of liquid phase mole fraction of 
component 2
y2 t = Measured value of vapor phase mole fraction of 
component 2
y2 . = Calculated value of vapor phase mole fraction of
component 2
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Yj = Activity coefficient of i
Y2 #W)t *= Expeimental value of activity coefficient for 
component 2
Y, ■ = Calculated value of activity coefficient for
2,calc ^  J
component 2 
X = defined by equation (2 )
CHAPTER 6
VAPOR-LIQUID EQUILIBRIUM OF BINARY AND TERNARY SYSTEMS 
COMPOSED OF HEAVY AROMATIC COMPOUNDS
Reprinted with permisssion from Journal of Chemical & 
Engg. Data, in press. Unprinted work Copyright 1991 
American Chemical Society.
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INTRODUCTION
Liquid hydrocarbons derived from coal provide an 
alternative to petroleum as a source of feedstocks for 
refineries and petrochemical plants. These liquid mixtures 
contain high molecular weight aromatic compounds, and 
vapor-liquid equilibrium (VLE) for such compounds are 
relatively scarce, especially at high temperatures (1). 
The purpose of this research is to determine vapor-liquid 
equilibrium data for ternary systems containing heavy 
aromatic compounds and to test the ability of various 
thermodynamic activity coefficient models derived from 
binary data to predict the ternary results. These data are 
useful in the design of coal liquefaction processes and also 
in the processing of heavy crude oil or tar sands.
This work reports isothermal vapor-liquid equilibrium 
data for four binary and eight ternary systems at 170 and 
190 °C. The compounds studied are: cis-decalin, tetralin, 1- 
methyl naphthalene, naphthalene, biphenyl, acenaphthene, 
dibenzofuran, and phenanthrene. Vapor-liquid equilibria for 
systems containing these compounds are difficult to study 
since some of the compounds are solid at room 
temperature (2). This work is a continuation of our studies 
on the vapor-liquid equilibrium of heavy aromatic compounds 
(3) .
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We are not aware of any VLE data in the literature for 
the systems presented in this study.
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EXPERIMENTAL SECTION
All the chemicals used in this study were purchased from 
Aldrich Chemical Company. The solid and liquid samples were 
further purified as described in Chapter 4. The final purity 
of the compounds as obtained by gas chromatograph (area %) 
were as follows: cis-decalin (99.72%), tetralin (99.69 %),
1-methyl naphthalene (99.85%), naphthalene (99.89%), biphenyl 
(99.97%), acenaphthene (99.58%), dibenzofuran (99.78%), and 
phenanthrene (99.13%).
Vapor-liquid equilibria for binary and ternary systems 
containing these compounds were measured using a  
recirculating still supplied by Fisher of West Germany. The 
operation of this still has been described previously (2,3,4). 
Vapor and liquid were brought to equilibrium in the still at 
a measured temperature and pressure. Vapor and liquid samples 
were analyzed by gas chromatography using a flame ionization 
detector. The GC column was a 50% phenyl methyl silicone 
glass capillary column with 0.53 mm ID, 2 jim coating and 10 
meter length, supplied by Hewlett Packard.
The accuracy in our temperature and pressure measurements 
are + 0.1 °C and ± 1.0 mm Hg respectively. The accuracy in 
composition analysis is ± 0.0025 mole fraction.
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RESULTS AMD DISCUSSION
Table 6.1 shows measured vapor pressure date for 1- 
methyl naphthalene. The vapor pressure of other compounds 
used in this study have already been measured and are 
reported in Chapter 4. These vapor pressure data were 
regressed using a three constant Antoine equation of the 
type:
In P,0 = A + B/(T+C) (1)
where Pj0 is the vapor pressure in mm Hg. and T is the 
temperature in K. The three constants for 1-methyl- 
naphthalene are also reported in Table 6.1. In the range of 
temperature studied, experimental vapor pressure data agreed 
with the literature (5) values within 0.5 %.
Analysis of Data for the Binary Mixtures
Table 6.2 presents the binary vapor-liquid equilibrium 
data for four systems at 190 °C. Figure 6.1 shows data for 
the tetralin-l-methyl naphthalene system as an illustration.
The binary VLE data were first tested for thermodynamic 
consistency using the method of Fredenslund (6 ). A four
parameter Legendre polynomial was used for the excess Gibbs 
free energy. The measured binary data were considered to be 
consistent when the absolute difference between calculated 
and measured mole fractions of component 1 in the vapor
128
TABLE 6.1
Vapor Pressure Data Of l-Methyl naphthalene
T/K P/mm Hg
467 . 7 222
465 . 1 206
463 . 1 195
460 . 4 180
456. 7 162
453 . 2 146
451.1 137
449 . 5 131
447 . 6 123
445.9 117
444.8 113
443.2 107
442.6 105
440 . 7 99
438 . 4 92
Antoine Constants:
A=16.868605 B=-4721.27 C=-55.7060
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TABLE 6.2
Vapor-Liquid Equilibrium Data For Binary Systems With 
l-Methyl naphthalene At 190 °C
P/mm Hg t/°C xt Yl
Tetralin(1)-1-Methyl naphthalene(2 )
495 190.0 0.9862 0 . 9921
468 190. 0 0.9029 0.9612
435 190.0 0.7847 0.9067
408 190.0 0.6916 0.8520
375 190.0 0.5849 0.7816
336 190.0 0.4539 0.6768
300 190. 0 0.3402 0.5670
269 190. 1 0.2371 0.4455
250 190.0 0.1739 0.3562
225 190. 0 0.0900 0.2097
203 190. 0 0.0261 0.0554
1-Methyl naphthalene(1)-Naphthalene(2)
199 190. 0 0.9851 0.9657
226 189.9 0.8811 0.7633
240 190. 0 0.8224 0.6790
259 190. 0 0.7486 0.5669
277 190. 0 0.6599 0.4690
291 190. 0 0.5878 0 .4028
312 190. 1 0.4723 0.3150
332 190. 0 0.3610 0.2410
347 190. 1 0.2684 0.1754
1-Methyl naphthalene(1)-Biphenyl(2)
194 190. 0 0.9670 0.9730
191 190.0 0.8814 0.9004
188 190. 0 0.7968 0.8297
186 190. 0 0.7182 0 . 7632
182 190. 0 0.6282 0.6886
179 190. 0 0.5416 0.6145
173 190. 0 0.4227 0.5013
168 190. 0 0.3321 0.4125
161 190. 0 0.2268 0 . 2956
156 190. 0 0.1714 0.2222
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TABLE 6.2(Continued)
Vapor-Liquid Equilibrium Data For Binary Systems With 
l-Methyl naphthalene at 19 0 °C
P/mm Hg t/°C x,, y,
1-Methyl naphthalene(1)-Acenaphthene(3)
193 190.0 0.9795 0.9857
184 190.0 0.9058 0.9539
177 190.0 0.8334 0.9183
168 190 . 0 0 . 7480 0.8779
157 190.0 0.6403 0.8101
148 190.0 0.5518 0.7490
138 190.0 0.4601 0.6789
125 190.0 0.3410 0.5655
110 190.0 0.2261 0.4093
101 190.0 0.1677 0.3001
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Figure 6.1: Vapor-Liquid Equilibrium For The Tetralin/ 
l-Methyl Naphthalene System at 19 0 °C.
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phase was less than 0.01. The results of this test are
shown in Table 6.3. It is clear from this table that the
data of this study are thermodynamically consistent.
These binary data were then regressed using the maximum 
likelihood procedure of Prausnitz et al. (7) to determine the 
binary parameters (A12 and A21) for two different 
thermodynamic liquid phase activity coefficent models, i.e., 
UNIQUAC (8), and Margules. The details of this regression 
procedure were presented in Chapter 4. The
UNIQUAC equation was used because it has a sound theoretical 
basis and has a wide range of applicability. The Margules 
equation was used because it is a simple empirical model.
To determine binary parameters using the maximum like­
lihood method, vapor phase nonidealities were obtained by 
using second virial coefficients as given by Hayden and 
O'Connell (9). Liquid molar volumes were calculated using 
the modified Rackett Equation as described in (7). Critical 
constants were taken from the literature whenever available, 
otherwise they were calculated from empirical correlations 
(10). These thermodynamic properties are reported in chapter
4 for all the compounds used in this study except for 1-
methyl naphthalene. Table 6.4 reports the properties for 
l-methyl naphthalene.
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TABLE 6.3
Results of Thermodynamic Consistency Test for Systems 
Involving 1-Methyl Naphthalene at 190 °C
System RMSD P/mm Hg RMSD* y,
Tetralin(l)-1-Methyl Naphthalene(2) 0.66 0.0062
l-Methyl naphthalene(1)-Naphthalene(2) 0. 50 0.0070
1-Methyl naphthalene(1)-Biphenyl(2) 0 . 26 0.0068
1-Methyl
----- ----
naphthalene(1)-Acenaphthene(2) 0.28 0.0098
¥ Root mean square deviation
RMSD P - < _ L  £<P,„,C - P,.w )2),/2 
N i*1
RMSD y, = (_i_ S(y, „,e - y1,„pt)iV '2
N i»1
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TABLE 6.4
Thermodynamic Properties of 1-Methyl naphthalene Used in VLE 
Data Analysis
Tc/
K
Pc/
bars
Vc/ ZRA 
cc/mole
V  D / r q 
® A Debyes
772 . 0* 36. 0“ 462.0“ 0.2 634b 4 . 346c 0.5“ 5.716d 4.001d
* According to Reid, Prausnitz, and Poling(12).
b Value estimated from Yamada and Gunn (14) correlation 
with (j obtained from the literature.
c Back calculated using equation cj= 0.006026 Rd + 0.02096 
Rd2 -0. 001366 Rd3 and using u values from “.
d Reported in Gmehling et al. (15), Vol. 1, Part 7.
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TABLE ST5
Binary Parameters And Root-Mean-Squared Deviations (RMSDs) 
From Regression Of Binary VLE Data At 190 °C; Systems With
1-Methyl Naphthalene
RMSD
Model Ai2* A2i* P/mm Hg t/°C X, Vi
Tetralin(l)-l-Methyl naphthalene(2 )
UNIQUAC
Margules
976.17 -835.16 0.55 
0.02858 0.04665 0.55
0.01 0.0007 
0.01 0.0007
0.0042 
0.0042
1-Methyl naphthalene(1)-Naphthalene(2)
UNIQUAC
Margules
48.88 201.01 0.72 
0.25005 0.19759 0.77
0.01 0.0007 
0.02 0.0007
0.0055 
0.0053
1-Methyl naphthalene(1)-Biphenyl(2)
UNIQUAC
Margules
643.84 -470.80 0.67 
0.12 58 2 0.15292 0.66
0.01 0.0004 
0.01 0.0004
0.0033 
0.0033
1-Methyl naphthalene(1)-Acenaphthene(2)
UNIQUAC
Margules
3128.06 -2199.88 1.74 
-0.07796 0.14641 1.75
0.02 0.0011 
0.02 0.0010
0.0065 
0.0062
• Parameter listed are in (Joules/mole) for UNIQUAC model; 
However for Margules, they are dimensionless.
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Table 6.5 reports the binary parameters and the mean 
deviations between calculated and experimental temperature, 
pressure, liquid, and vapor phase mole fractions for the 
four systems studied at 190 "C using the maximum likelihood 
method and the two different models. Each model gives a good 
fit of the binary data. Root-mean-square deviation values 
(RMSD) obtained for pressure, temperature, and liquid phase 
mole fractions are generally within the experimental error, 
although for one system, i.e., 1- methyl naphthalene,
acenaphthene, RMSD in pressure is greater than expected 
(1.8 mm Hg.). Residuals in vapor phase mole fractions for all 
four systems were found to be larger than the accuracy of the 
gas chromatographic analysis. We suspect the error associated 
with vapor samples to be higher than for liquid samples 
because of condensation of heavy component in the 
condenser.
Ternary Data
Table 6.6 reports ternary VLE data for five compounds, 
i.e., naphthalene, biphenyl, acenaphthene, dibenzofuran, and 
phenanthrene with cis-decalin and tetralin at 170 “C. Table 
6.7 reports ternary VLE data for three compounds, i.e., 
naphthalene, biphenyl, and acenaphthene with tetralin and 1- 
methyl naphthalene at 190 °C.
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TABLE 6.6
Ternary Vapor-Liquid Equilibrium Data With cis-Decalin(1)
And Tetralin(2)
P/mm Hg rt 0 O X2 y2 X3 y3
Naphthalene(3)
397 170.0 0.0375 0.0333 0.0203 0.0183
393 170.0 0.0966 0.0767 0.0093 0.0063
390 170.0 0.0896 0.0704 0.0543 0.0383
374 170.0 0.1706 0.1340 0.1231 0.0851
362 170. 0 0.2067 0.1675 0.1938 0.1337
352 170. 0 0. 3027 0.2517 0.1925 0.1349
339 169.9 0.3882 0.3380 0.2167 0.1531
335 169.9 0.4531 0.3979 0.1783 0.1263
325 170.0 0.3244 0.2913 0.3475 0.2415
321 170. 0 0.7242 0.6624 0.0617 0.0490
319 170. 0 0.6480 0.5747 0.1230 0.0909
316 170.0 0 .2844 0.2642 0.4233 0 . 3065
306 170. 0 0.8142 0.7812 0.0714 0.0525
301 169.9 0.4007 0.3914 0.4068 0.3021
287 170. 0 0.8972 0.9155 0.0982 0.0764
287 169.9 0.3167 0.3327 0.5336 0.4069
277 169.8 0.2310 0.2506 0.6410 0.5118
271 170. 0 0.2918 0.3235 0.6100 0.5007
244 170. 0 0.1626 0.2154 0.8117 0.7232
Biphenyl(3)
399 170.0 0.0436 0.0360 0.0064 0.0026
395 170. 0 0.0196 0.0165 0.0255 0.0095
375 170. 1 0.0543 0.0468 0.0850 0.0230
367 170. 1 0.0726 0.0608 0.1086 0.0299
356 170. 0 0.0821 0.0724 0.1472 0.0403
355 170. 1 0.0702 0.0651 0.1125 0.0243
352 170. 1 0.1457 0.1273 0.1408 0.0401
323 170. 1 0.1023 0.0974 0.2561 0.0680
298 170. 1 0.9435 0.9214 0.0128 0.0104
290 170. 1 0.2114 0.2169 0.3273 0.0956
285 170. 0 0.0782 0.0808 0.3899 0.1166
275 170 . 0 0.8235 0.8752 0.1241 0.0353
266 170. 1 0.6508 0.7135 0.2258 0.0698
259 170. 1 0.1685 0.1887 0.4402 0.1386
257 170. 1 0.0887 0.1015 0.4807 0.1551
234 170. 1 0.5025 0.6286 0.3789 0.1288
221 170.0 0.0676 0.0886 0.6037 0.2190
176 170. 1 0.4004 0.6678 0.5714 0.2499
149 170.0 0.0422 0.0834 0.8154 0.4231
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TABLE 6.6 (Continued)
Ternary Vapor-Liquid Equilibrium Data With cis-Decalin(l)
And Tetralin(2)
P/mm Hg t/*C X2 y2 X3 y3
Acenaphthene(3)
396 170. 0 0.0215 0.0183 0.0141 0.0018
373 170. 0 0.0849 0.0761 0.0674 0.0079
354 170. 0 0.1774 0.1493 0.0931 0.0100
326 170.0 0.2012 0.1726 0.1761 0.0295
314 170. 0 0.3147 0.2761 0.1956 0.0302
304 170. 0 0.7045 0.6801 0.0881 0.0133
301 170.0 0.4634 0 .4556 0.1823 0.0283
301 170. 0 0.6345 0.6182 0.1201 0.0182
295 170. 0 0.3552 0. 3342 0.2060 0.0383
291 170 . 1 0.7657 0.7703 0.0989 0.0153
272 170 . 0 0.8956 0.9603 0.0900 0.0145
250 170. 1 0 .3242 0.3806 0.3733 0.0676
235 170. 0 0.2964 0.3697 0.4250 0.0811
224 170. 0 0.3866 0.5039 0.4180 0. 0823
194 170.0 0.3643 0.5500 0.5032 0 .1128
166 170. 0 0.2544 0.4505 0.6182 0.1610
145 170.0 0.2875 0.5840 0.6501 0.1915
110 170. 0 0.1853 0.5022 0.7748 0.3008
Dibenzofuran(3)
399 170. 0 0.0226 0.0160 0.0108 0.0044
385 170.0 0.0460 0.0385 0.0458 0.0121
362 170.0 0.0631 0.0545 0.1264 0.0286
344 170.0 0.0871 0.0734 0 . 1844 0.0403
343 170.0 0.2305 0.2012 0.1458 0.0307
341 170. 0 0.3500 0.3042 0.1166 0.0254
331 170. 3 0.5206 0.4503 0 . 1088 0.0228
292 170.0 0.4243 0.4209 0.2568 0.0578
287 170. 0 0.5300 0.5463 0.2286 0.0303
287 170. 0 0.6419 0.6587 0.1799 0.0363
279 170.0 0.4243 0.4398 0.2963 0.0643
272 170. 0 0.0999 0.1083 0.4582 0.1008
266 170. 2 0.8353 0.9402 0.1360 0.0312
259 170. 0 0.3685 0.4853 0.3778 0.0870
217 170.1 0.3207 0.4770 0 . 5175 0.1318
202 170. 1 0.2087 0.3491 0.6264 0.1654
172 170.0 0.2154 0.4429 0.6869 0.2064
116 170. 1 0.1728 0.5601 0. 8077 0.3403
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TABLE $t3 (C9BtlBU+<3)
Ternary Vapor-Liquid Equilibrium Data With cis-Decalin(1)
And Tetralin(2)
P/mm Hg t/*C x2 y 2 x3
382 170-0
Phenanthrene(3) 
0-0414 0.0343 0. 0445 0.0017
364 170.0 0.0549 0. 0494 0. 0970 0.0037
340 169.9 0.0641 0.0772 0.1604 0.0057
337 170.1 0.3233 0.2944 0.1093 0.0031
335 169.9 0.2068 0.1947 0-1463 0.0049
297 170.0 0.9039 0.9096 0.0366 0.0011
282 169-9 0-3519 0.3896 0.2607 0.0089
280 170.0 0.4608 0.4943 0-2236 0.0077
277 170. 0 0.6521 0.6843 0.1947 0.0068
266 170-0 0.8133 0.9236 0.1366 0.0044
255 169.9 0.0782 0.1012 0.4281 0-0164
255 170.0 0.4292 0.5258 0.2989 0.0102
236 170 . 0 0.3692 0.5124 0 . 3734 0 . 0155
172 169 . 9 0.1796 0.3592 0.6001 0.0291
83 170.0 0.1190 0.7334 0.8529 0.0807
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TABLE 6*7
Ternary Vapor-Liquid Equilibrium Data With Tetralin(l)
And l-Methyl Naphthalene(2)
P/mm Hg t/°C X 2 y 2 X 3 y 3
489 190.0
Naphthalene(3 ) 
0.0287 0.0115 0.0148 0.0112
481 190. 0 0.0471 0.0196 0.0492 0.0421
466 190. 0 0.0892 0.0391 0.0940 0.0802
456 190.0 0.1100 0.0443 0.1677 0.1501
437 190. 0 0.1697 0.0709 0. 1757 0.1668
434 189.9 0.1116 0.0497 0.3791 0.3517
403 190. 0 0.2962 0.1468 0.1320 0.1389
370 190. 1 0.2385 0.1387 0.5957 0.6548
365 189.9 0.2272 0.1385 0. 6487 0.7097
348 190. 0 0.4456 0.2473 0.2362 0.3018
355 189 . 9 0.3564 0.1981 0.4749 0.5556
341 190. 1 0.4214 0.2419 0.3737 0.4630
333 190.0 0.4700 0.2784 0. 3147 0.3870
246 190. 0 0.8140 0.6462 0.1222 0 . 2425
237 190. 0 0.8542 0.7202 0.0304 0.0662
461 189.9
Biphenyl(3) 
0.0484 0.0199 0.0703 0.0219
439 190. 0 0.1104 0.0435 0 . 0904 0.0308
423 190. 0 0.1248 0.0571 0.1161 0.0398
387 190. 0 0.1785 0.1085 0 . 1699 0.0594
367 190. 0 0.2958 0.1582 0.1251 0.0495
343 189.9 0.1199 0.0748 0 .3549 0.1358
312 190. 0 0.3047 0.2017 0.2836 0.1163
283 190. 0 0.5005 0 .3115 0 . 1695 0.1157
274 189. 9 0.4308 0.3070 0.2607 0.1372
260 190. 0 0.6362 0 . 4723 0 . 1479 0.0856
259 190. 0 0.3889 0.3029 0.3482 0.1831
238 190. 0 0.3136 0.2751 0.4602 0.2648
206 190. 1 0.8256 0. 7950 0. 1247 0.0965
196 189.9 0.8346 0.8493 0.1511 0.1124
166 190. 1 0.1342 0. 1871 0.8120 0.6716
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TABLE 6.7(Continued)
Ternary Vapor-Liquid Equilibrium Data With Tetralin(l)
And 1-Methyl Naphthalene(2)
P/mm Hg t/“C x2 y2 X3 y3
486 190. 0
Acenaphthene(3) 
0.0258 0.0092 0.0133 0.0023
464 190. 0 0.0669 0.0275 0.0380 0.0065
430 190. 0 0.1273 0.0529 0.0763 0.0140
4 08 190. 1 0.1366 0.0639 0.1205 0.0236
380 190. 0 0.1685 0.0940 0.1533 0.0339
364 190. 0 0.2774 0.1438 0.1452 0.0279
299 190. 0 0.3304 0.2187 0.2305 0.0627
272 190. 0 0.4639 0.3256 0 .2021 0.0626
252 190. 0 0.6238 0.4741 0 . 1383 0.0455
233 189.9 0.4156 0.3555 0.3241 0.1103
228 189.9 0.2924 0.2649 0.4227 0.1434
211 189.9 0.3140 0.3072 0.4422 0.1661
199 189.9 0.8051 0.8020 0.1221 0.0547
171 189.9 0.2194 0.2600 0.5882 0.2638
166 190. 0 0.2360 0.3106 0.5899 0.2892
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Many researchers in the past have shown that multi­
component vapor-liquid equilibrium data can be predicted 
using a suitable model for the activity coefficients of the 
components and binary interaction parameters obtained from 
the regression of binary data. To test this for our ternary 
systems containing coal liquid compounds, we used the binary 
interaction parameters obtained from this study and our 
previous work (reported in Chapter 4) to predict the bubble 
point pressure and vapor phase mole fractions of components 
of our ternary systems. The equations used to determine the 
activity coefficients for any component of the ternary 
mixtures using the UNIQUAC and Margules models were taken 
from (11).
Table 6.8 lists the average absolute deviations (AADs) 
between experimental and calculated pressure and vapor phase 
mole fractions of components of the ternary mixtures for all 
eight systems using the UNIQUAC and Margules models for the 
excess Gibbs free energy. The prediction of bubble point 
pressure and vapor phase mole fraction generally agree with 
experiment within 5% and 11% respectively. For one system, 
cis-decalin(l)-tetralin(2 )-phenanthrene(3), average absolute 
deviation (AAD) in predicting vapor phase mole fraction of 
the high boiling component (phenanthrene) was 15%. The 
phenanthrene mole fractions in the vapor phase are small, so 
their percentage error tends to be larger for a given 
absolute error in composition analysis. Predictions of
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TABLE 6.8
Comparison Of Ternary Data With Those Calculated Using 
Binary Data and Different Models
t/ °c Model AAD P/% AAD yT/% AAD y2/% AAD y3/%
cis-Decalin(l)-Tetralin(2) -Naphthalene(3)
170.0 UNIQUAC 
Margules 
Regu.Sol.
0.494
0. 309
1 . 122
2 .442 
2 . 492 
2.343
2 .759 
2 . 566 
2 . 778
7 .358 
7 .331 
7.433
cis-Decalin(l)-Tetralin(2) -Biphenyl(3)
170. 0 UNIQUAC 
Margules 
Regu.Sol.
0.474 
0. 597 
0.722
0. 977
1. 381 
0.846
1. 762 
2 . 210 
1. 152
10.211 
10.262 
10.004
cis-Decalin(l)-Tetralin(2) Acenaphthene(3)
170.0 UNIQUAC 
Margules 
Regu.Sol.
1.045 
1.236 
1. 249
1. 544 
1.981 
2 .424
2.158 
2 . 185 
2 . 611
10.618 
10.699 
8 . 992
cis-Decalin(1)-Tetralin(2) -Dibenzofuran(3)
170.0 UNIQUAC 
Margules 
Regu.Sol.
3 . 534 
2.931 
1.921
6.377 
7 . 165 
7 . 068
5 . 062 
4 .909 
4 . 475
11.108 
10.766 
10.116
cis-Decalin(1)-Tetralin(2) -Phenanthrene(3)
170. 0 UNIQUAC 
Margules 
Regu.Sol.
2.696 
2 . 665 
2 . 551
10.004 
9 . 178 
9 . 447
8 . 316 
8 . 599 
7 . 694
14.662 
13 . 295 
8 . 853
Tetralin(1)-1-Methylnaphthalene(2)-Naphthalene(3)
190. 0 UNIQUAC 
Margules 
Regu.Sol.
0. 590 
0.611
1. 511
4 . 131 
4 . 133 
4.768
5. 650 
5. 765 
4 . 301
4 . 045 
4 . 108
5. 555
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TABLE 6.8(Continued)
Comparison Of Ternary Data With Those Calculated Using 
Binary Data and Different Models
t/®C Model AAD P/% AAD y,/% AAD y2/% AAD y3/%
Tetralin(1) -1-Methyl naphthalene(2 )-Biphenyl(3)
190.0 UNIQUAC 1.325 3. 120 6.418 9.176
Margules 1.230 3.060 6.205 9.060
Regu.Sol. 1.445 2 . 879 6.509 7.900
Tetralin(1) -1-Methyl naphthalene(2 )-Acenaphthene(3)
190.0 UNIQUAC 4.241 2 .616 8.941 12.483
Margules 2 . 744 4 . 565 8.180 6.006
Regu.Sol. 2 . 344 4 . 427 7.585 6.866
AAD= Average Absolute Deviation
AAD P = _ L ( S | ( P  .U -P 
N  i-l
N
AAD y j = __L_ (S| (yj(C.lc-yi(„pt ) / (Yj.expt) I) 
N i*1
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vapor phase mole fractions of low boiling components
(usually liquid at room temp.) are much better than high
boiling point compounds (solid at room temp.) for all eight 
systems studied. Low boiling point component mole fractions, 
in the vapor phase are usually much higher than high
boiling point component mole fractions, giving rise to a
lower percentage error.
Figure 6.2 is a comparison of experimental vapor phase 
mole fractions of naphthalene with those calculated using 
parameters from binary data and the UNIQUAC model for the 
system tetralin(1)-1-methyl naphthalene(2 )-naphthalene(3) at 
190 «C. Figure 6.3 compares phenanthrene vapor phase mole 
fractions using the Margules model for the system cis- 
decalin (1)-tetralin(2)-phenanthrene(3).
For practical applications, the regular solution theory 
equations provide a simple way of predicting VLE data for 
mixtures of nonpolar compounds. Therefore, we used these 
equations (11) to predict bubble point pressure and vapor 
phase mole fraction for our ternary mixtures.Table 6.9 lists 
the values of solubility parameters and liquid molar volumes 
for the compounds used in this study. Table 6.8 also 
reports the average absolute deviations between experimental 
and calculated pressure and vapor phase mole fractions using 
regular solution theory. The regular solution theory predic­
ted the bubble point pressure within 3% and vapor phase mole
Y
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Figure 6.2: Comparison Of Naphthalene Mole Fraction in 
The Vapor Phase Using The UNIQUAC Model.
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Figure 6.3: Comparison of Phenanthrene Hole Fraction In 
The Vapor Phase Using The UNIQUAC Model.
TABLE 6.9
Solubility Parameters And Liquid Molar Volumes Of The Compounds At The 
Melting Point Of The Solids
Solids cis-Decalin Tetralin 1-Methylnaphtha1ene
T./K *1 V 5i V 6 1 v/
Naphthalene
Biphenyl
Acenaphthene
Dibenzofuran
Phenanthrene
352.8
342.6 
366.5
355.7
372.8
19.67* 
19.30* 
18.93c 
20.41f 
19.77“
130.9B 
155.2d 
149. 8h 
152.5* 
168. lj
16.36* 165.6* 
16.59* 163.9e 
16.24“ 167.7* 
16.37“ 166.2* 
16.00“ 169.5*
18.15* 143. 0d 
18.37“ 141.9d 
17.87“ 144.7d 
18.10* 143.4d 
17.74“ 145.4d
18.51b 153.1* 
18.70b 151.9* 
18.30b 154.7*
1 Enthalpy of vaporization was calculated using the Clausius-Clapeyron 
equation with Antoine constant given by Reid et al.(13).
b Enthalpy of vaporization was calculated using the Clausius-Clapeyron 
equation with Antoine constant given in Table 6.1.
* Antoine Constant given by Dean(16). 
d Timmermans(17).
* Calculated using modified Rackett{7) equation. 
f Carruth and Kobayashi(18).
8 Weast(19), Reid et al.(13) and Dean (16).
h Lange and Forker(20).
1 Tsonopoulos et al. (21).
1 International Critical Tables(22). Extrapolated by using equation 
12-3.2 of Reid et al. (13).
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fractions of the components of the ternary mixtures within 
11% for all the systems except for cis-decalin(l)-tetralin
(2)-phenanthrene(3) . This theory is attractive because of 
its simplicity. It does not require any experimental data on 
mixture vapor-liquid equilibria.
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CONCLUSION
Vapor-liquid equilibria for four binary systems have been 
measured and found to be themodynamically consistent. These 
data are used to determine binary interaction parameters 
using the UNIQUAC and Margules models. Both models 
represent the data quite well.
The binary parameters obtained in this study and in our 
previous work are used to predict ternary vapor-liquid 
equilibrium curves using regular solution theory and the 
same two models. For these simple systems all these models 
can be used to predict the ternary vapor-liquid equilibrium 
diagram.
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GLOSSARY
A Antoine's parameter in equation (1 )
AU optimized parameters in UNIQUAC and Margules model
B Antoine's parameter in equation (1)
C Antoine's parameter in equation (1)
N total number of data points
P pressure, mm Hg.
P° vapor pressure, mm Hg.
t temperature, °C
melting point temperature, °C
V1 molar volume of liquid, cm3 mol'1
X mole fraction in the liquid phase
y mole fraction in the vapor phase
Greek Letters
s solubility parameter
u acentric factor
SubscriDts
i component i
i,calc calculated value of component i
i,expt experimental value of component i
ij mixture of component i and j
CHAPTER 7
SOLID-LIQUID PHASE EQUILIBRIA OF TERNARY MIXTURES
POLYNUCLEAR AROMATIC COMPOUNDS
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INTRODUCTION
The solid-liquid equilibrium phase diagram is useful in a 
number of chemical engineering processes such as extraction 
and crystallisation. Many researchers in the past have 
studied solid-liquid phase diagrams for both binary and 
multicomponent systems consisting of salts and water (1 ), 
mixtures of light aromatic compounds (2 ), and also systems 
formed with mixtures of metals (3). However, there are very 
few data available for binary and ternary systems consisting 
of polynuclear aromatic compounds. Sediawan et al.(4), using 
a calorimeter, studied the solid-liquid phase diagrams of 
three binary systems consisting of polynuclear aromatic 
compounds. These compounds are typical constituents of coal 
liquids (5, 6) and heavier feedstocks (7), which in the near 
future could be an alternative source for energy production.
In this study we have examined the phase equilibria of 
two ternary systems containing aromatic compounds, cis- 
decalin-naphthalene-biphenyl and tetralin-biphenyl-dibenzo- 
furan at 25 °C. The first component in each of our systems 
is a liquid and the other two components are solid at room 
temperature. We have also predicted the phase diagrams for 
these systems using parameters obtained from
regression of binary data using the UNIQUAC model and 
using regular solution theory. We hope these data will be
157
useful in industry for design purposes as well as in the 
development of solid-liquid equilibrium theories.
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EXPERIMENT Alt SECTION
The chemicals used were purchased from Aldrich Chemical 
Company and were at least 99% pure. Naphthalene, biphenyl, 
and dibenzofuran were further purified by liquid chromato­
graphy on activated alumina using toluene as eluant. The 
solids were than recrystallized from the solution using a 
rotary vacuum evaporator to evaporate solvent. Cis-decalin 
and tetralin were purified further by distillation under 
vacuum and were stored over a molecular sieve to eliminate 
water. The final purities of the chemicals used were as 
follows: naphthalene (99.89%), biphenyl (99.97%), dibenzo­
furan (99.78%), cis-decalin (99.72%), and tetralin (99.69%). 
These percentages represent area % as obtained by gas 
chromatography.
The phase diagram for our selected systems should look 
qualitatively as shown in Figure 7.1. In this diagram point 
e represents the solubility of solid A in solvent C and 
point g represents the solubility of solid B in solvent C. 
The curves ef and gf represent the varying compositions of 
the solution in equilibrium with solid components A and B 
respectively. At point f where the two curves intersect, 
two solid phases exist in equilibrium with the solution and 
at this point the system becomes isothermally invariant at 
constant pressure. To obtain curves ef and gf, we start with
159
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C Ae
Figure 7.1: Schematic Phase Diagram For a Three Component 
System.
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a mixture in the single phase region as represented by point 
x in Figure 7.1 and then add solid A or B in excess to this 
mixture. After equilibration, the composition will be in the
2-phase region, i.e., solid A and a saturated solution of A 
as represented by point i or solid B and a saturated 
solution of B as represented by point j. By sampling and 
analyz ing the 1iquid, points i and j are determined. By 
repeating this experiment for other compositions, adding 
either solid A or B, curves ef and gf are obtained.
Unsaturated mixtures with various compositions of solids 
(solute) in liquid (solvent) were prepared gravimetrically. 
These samples were than sealed and were allowed to equi­
librate in a constant temperature water bath at 2 5 °C. The 
temperature of the bath was controlled to within ± 0.1 °C 
using an electronic temperature controller supplied by 
Versa-Therm (Model 2149-2). After one day in the bath, 
samples were taken and were visually observed to make sure 
that no solid phase was present. Thereafter, one of the 
solids was added to this mixture in excess such that two 
phases existed. The samples were sealed again and were left 
in the constant temperature water bath for a period of one 
week. After one week, saturated solution was withdrawn and 
diluted using a known amount of the same solvent. These 
samples were than analyzed using a gas chromatograph (HP- 
5890) . The gas chromatograph is equipped with a flame 
ionization detector. A 10 meter length, 50% pheny1-methyl
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silicone glass capillary column with 0.53 mm ID, 2 jim 
coating was used for the analysis. This column was supplied 
by Hewlett Packard. The attainment of equilibrium was 
verified by repetitive measurements after several additional 
days. Solubility of pure solid in the solvent was determined 
in the same manner. Finally, the invariant point (f) in 
Figure 7.1 at constant pressure and at 25 °C was obtained 
by adding both solids in excess and analyzing the saturated 
solution.
The accuracy in our temperature measurement is ± 0.1 °C 
and accuracy in composition analysis is ± 0.0025 mole
fraction.
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DATA ANALYSIS
The saturation curves for these two systems were also 
determined using the extended UNIQUAC equation(S). For this 
purpose, solid-liquid interaction parameters were taken from 
the literature and solid-solid interaction parameters were 
either measured or taken from the literature. The activity 
coefficients obtained were then used in the following equa­
tion to predict saturation compositions:
M w  ^ ipi ^ P i . T m
"In x, = ________  [(___ ) -1 ] - __________  [(___ )-l]
R T R T
^CpM* T» s.r+ In (___ ) + In yi + X + ____ (P-P,*"1) (1)
R T RT
where Av(, ACpj, Asff and yt are the difference between 
solid and liquid molar volume, difference between solid and 
liquid heat capacities, molar entropy of fusion and liquid 
phase activity coefficient of solute, respectively, y in 
equation (1) represents the effect on the solid solubility 
of a solid-solid lambda phase transition in the solute (9). 
This term is zero in our case since it applies only to 
those solutes which undergo a lambda phase transition at the 
temperature of the measurement. The last term in equation 
(1) is the Poynting correction factor. This term is usually
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negligible at low pressure and was therefore neglected in 
our calculations.
The properties of solutes necessary to calculate the
activity coefficients are reported in Table 7.1.
The saturation curves for these two systems were also
predicted using regular solution theory. The following 
equations were used to determine the activity coefficients 
for the three components of the ternary mixtures :
RT In y( = v j (6t - S)z (2a)
where
m
6 = Z ^  (2b)
j*i
and
m
0j = (Xj vj)/( E Xj Vj ) (2c)
j*i
The calculated activity coefficients were then used to
predict the saturation composition using equation (1). The 
results of this analysis are given in the next section.
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TABLE 7.1
Thermodynamic Properties Of Solutes Necessary For Analysis Of 
Data To Find Activity Coefficients
Solute T*/
<K)
As'i T./
(J/mole K)
Acpi V  
(J/mole K)
Naphthalene 353.45® 51.620b 8.900b
Biphenyl 342.60c 54 . 67 ld 36.274d
Dibenzofuran 355.70c 51.590c 9.6000c
a According to Gruberski(10) 
b According to Timmermans(11) 
c According to Coon et al.(12) 
d According to Spaght et al.(13)
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RESULTS AND DISCUSSION
Tables 7.2 and 7.3 report the results for the cis-decalin 
(1)-naphthalene(2 )-biphenyl(3) and tetralin(1)-biphenyl(2 )- 
dibenzofuran (3) systems respectively. These data are also 
plotted in Figures 7.2 and 7.3. Some of the experimental 
points for the tetralin-bipheny1-dibenzofuran system were 
also measured by the method of (14) and are plotted in 
Figure 7.3.
The data reported in Tables 7.2 and 7.3 were also 
predicted using the extended UNIQUAC equation for 
multicomponent mixtures(8 ) and regular solution theory. The 
UNIQUAC equations require interaction parameters for all 
the binary systems which constitute the ternary system. 
The binary interaction parameters for the solid-liquid 
systems were obtained from our previous study (Chapter 5). 
The solid-solid interaction parameters for the naphthalene- 
biphenyl system were determined by regression of data 
available in the literature (10) using a linear search 
method as described in (16). Data for the biphenyl-diben- 
zofuran system were obtained in our laboratory using 
the method described in (14). These data are reported in 
Table 7.4 and are also plotted in Figure 7.4. The solid- 
liquid equilibrium data for this system were then regressed
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TABLB 7tZ
Equilibrium Data For The cis-Decalin(l)-Naphthalene(2)-
Biphenyl(3) System
Composition(Mol Fr .)
Naphthalene(x2) Biphenyl(x3)
Naphthalene Saturation Curve
0 . 2002 0.0207
0.2149 0.0543
0.2065 0.0582
0.2277 0.0912
0.2121 0.1000
0.2264 0.1168
0.2361 0.1257
0.2302 0. 1274
0.2369 0.1607
0.2602 0.1892
0.2674 0.2112
0.2669 0.2221
0.2852 0.2299
0.2727 0.2508
Biphenyl Saturation Curve
0.0095 0.2148
0.0172 0.1957
0.0427 0.2154
0.0805 0.2495
0.0887 0.2614
0.1287 0.2750
0.1337 0.3000
0.1779 0.3022
0.1886 0.2955
0.2071 0.2910
0.2093 0.2969
0.2328 0.3020
0.2602 0.3312
Experimental solubility of naphthalene in cis-decalin= 0.187 
mole fr.
Experimental solubility of biphenyl in cis-decalin= 0.1940 
mole fr.
Invariant point composition ,naphthalene = 0.3036 mole fr.
.biphenyl = 0.3537 mole fr.
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TABLE 7,3
Equilibrium Data For The Tetralin(l)-Biphenyl(2)- 
Dibenzofuran(3) System
Composition(Mol Fr.)
Biphenyl(x2) Dibenzofuran(x3)
Biphenyl Saturation Curve
0.3394 0.0339
0.3743 0.0325
0.3357 0.0511
0.3503 0.0534
0.3357 0.0711
0.3450 0.0752
0.3403 0.0972
0.3415 0.1774
0.3486 0.1873
Dibenzofuran Saturation Curve
0.0180 0.2657
0.0194 0.2342
0.0326 0.2763
0.0382 0.2776
0.0585 0.2805
0.0629 0.2375
0.0858 0.2778
0.0955 0.2407
0.1082 0.2731
0.1158 0.2344
0.1717 0.2408
Experimental solubility of biphenyl in tetralin = 0.3639 
mole fr.
Experimental solubility of dibenzofuran in tetralin = 0.256 
mole fr.
Invariant point composition ,biphenyl = 0.3340 mole Fr.
,dibenzofuran =0.2645 mole Fr.
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Biphenyl System at 25 °C.
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Figure 7.3: Phase Diagram For The Tetralin/Biphenyl/ 
Dibenzofuran System at 25 *C.
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TABLE 7.4
Equilibrium Data For The Biphenyl(1)/Dibenzofuran(2) System
Mole Fraction, Dibenzofuran Temp.(°C)
0.8822 76. 4
0.7641 70.5
0.6736 65.0
0.5903 59 . 9
0.5340 56.0
0. 4790 53 . 0
0.4368 51.2
0.4034 52.9
0.3519 55.7
0.3221 56.4
0.2690 58. 3
0.2101 60.8
0.1781 62. 1
0.1235 64. 3
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to obtain UNIQUAC parameters. The values of binary 
parameters were used in calculations to obtain the activity 
coefficient in the ternary mixture using the UNIQUAC method 
are given in Table 7.5.
Column 2 of Tables 7.6 and 7.7 lists the predicted values. 
The mean absolute percentage deviation is reported in the 
first column of Table 7.8. As is clear from this Table 
there is good agreement between experimental and calculated 
values.
It was realized that the solid-solid interaction in these 
two systems will be small, since the difference in solid 
solubility parameters is small compared to the difference 
in solid and solvent liquid solubility parameter at any 
temperature. We therefore predicted the saturation composi­
tion neglecting the solid-solid interaction parameters (A23 
and AJ2 =0.0) in the extended UNIQUAC equation for these two 
systems. The values obtained are reported in the third 
column of Tables 7.6 and 7.7 and the mean absolute percentage 
deviation is reported in the second column of Table 7.8. On 
comparing the second and third columns of Table 7.8, it can 
be observed that there is some improvement in the mean 
absolute difference values by excluding solid-solid inter­
action parameters for the cis-decalin-naphthalene-biphenyl 
system. The reason for this improvement is probably that 
the naphthalene-bipheny1 system is nearly ideal as reported
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TABLE 7.5
Values Of The Binary Interaction Parameters (J/mole) Used In 
This Study From The Regression Of Binary Data And The UNIQUAC 
Model
System A !2 A2!
cis-Decalin(1)/Naphthalene(2) 1338.51 -586.58
cis-Decalin(1)/Biphenyl(2) 488.15 118.14
Naphthalene(l)/Biphenyl(2) 1794.70 -1299.92
Tetralin(1)/Biphenyl(2) -917.24 1247.80
Teralin(l)/Dibenzofuran(2) -566.37 736.91
Biphenyl(1)/Dibenzofuran(2) 1650.30 -840.72
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TABLE 7.6
Comparison Of Data With Predicted Values For The System 
cis-Decalin(1)-Naphthalene(2)-Biphenyl(3)
Composition 
(Expt.)
Composition 
(Pred.)
UNIQUAC Regular Sol.
* 23= 1794.7 AJ2=-1299.9 A23=0. A32=0.
Naphthalene
0.2015 0.1972 0.1939 0.2210
0. 2065 0.2162 0 .2071 0.2282
0 . 2121 0.2367 0.2215 0.2363
0. 2149 0.2165 0.2083 0.2291
0.2264 0.2470 0.2305 0.2417
0.2277 0.2362 0 .2231 0.2377
0.2302 0.2523 0 .2346 0.2441
0.2361 0.2527 0.2356 0.2449
0.2369 0.2671 0.2460 0.2508
0.2602 0.2812 0.2595 0.2595
0.2669 0.2931 0.2696 0.2659
0. 2674 0.2897 0.2670 0.2643
0.2727 0.3025 0.2779 0.2713
0. 2852 0.2972 0.2753 0.2702
Biphenyl
0. 1957 0.2113 0 . 2095 0.2892
0.2148 0.2143 0.2134 0.2914
0. 2155 0.2291 0.2253 0.2987
0.2495 0.2556 0.2499 0.3135
0. 2614 0.2623 0.2567 0.3175
0. 2750 0.2816 0. 2745 0.3283
0. 2910 0.3132 0.3041 0.3465
0.2955 0.3079 0.2999 0.3438
0.2969 0.3151 0.3065 0.3479
0. 3000 0.2897 0.2843 0.3340
0. 3020 0.3235 0.3148 0.3529
0.3022 0.3056 0.2986 0.3429
0.3312 0 .3364 0.3303 0.3621
Predicted solubility of naphthalene in cis-decalin=0.1832 
mole fr.
Predicted solubility of biphenyl in cis-decalin = 0.2029 
mole fr.
Predicted value of invariant point, naphthalene = 0.3271
, biphenyl = 0.3509 mole fr.
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TABLE 7.7
Comparison Of Data With Predicted Values For The System 
Tetralin(1)-Biphenyl(2)-Dibenzofuran(3)
Composition 
(Expt.)
Composition 
(Pred.)
UNIQUAC Regular Sol
a 23=1650.3 AJZ=—840.72 A23”° ' A32=0 *
Biphenyl
0. 3394 0.3619 0 . 3691 0.3866
0.3357 0. 3566 0.3716 0.3882
0.3357 0. 3595 0.3701 0.3873
0.3403 0. 3530 0.3736 0.3893
0. 3415 0.3407 0 . 3780 0.3917
0. 3450 0.3564 0.3723 0.3885
0.3486 0.3395 0.3787 0. 3920
0. 3503 0. 3597 0.3711 0.3877
0. 3743 0.3638 0.3707 0.3873
Dibenzofuran
0.2342 0.2574 0.2597 0.2692
0.2344 0.2507 0.2652 0.2733
0.2375 0. 2548 0.2626 0.2714
0.2407 0.2529 0.2648 0. 2730
0. 2408 0.2473 0.2691 0.2761
0. 2657 0.2612 0.2634 0.2720
0.2731 0.2561 0.2691 0.2763
0.2736 0.2544 0.2705 0. 2772
0. 2776 0.2616 0.2658 0.2739
0.2805 0.2604 0.2673 0. 2749
0. 2805 0.2585 0.2688 0.2760
Predicted solubility of biphenyl in tetralin* 0.3677 mole fr.
Predicted solubility of dibenzofuran in tetralin = 0.2613 
mole fr.
Predicted value of invariant point, biphenyl = 0.3261 mole fr.
, dibenzofuran * 0.2367 mole fr.
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TABLE 7.8
Mean Absolute Deviation(%) between Predicted and Experimental 
Data
Compound UNIQUAC Regular Sol.
(With Parameters) (Without Parameters)
cis-Decalin-Naphthalene-Biphenyl
Naphthalene 7 . 345 2 . 020 5. 165
Biphenyl 3 . 590 2 . 662 22 .467
Tertalin- Biphenyl-Dibenzofuran
Biphenyl 3 .920 8 . 180 12.580
Dibenzofuran 6 . 114 6.452 7 . 202
Solubility of naphthalene in cis-decalin = 2.080 %
Solubility of biphenyl in cis-decalin = 4.580 %
Solubility of biphenyl in tetralin = 1.04 %
Solubility of dibenzofuran in tetralin = 2.030 %
Invariant Point Prediction:
cis-decalin/naphthalene/biphenyl
Naphthalene^ 7.704 %
Biphenyl= 0.772 %
tetralin/biphenyl/didenzofuan
Biphenyl=2.35 %
Dibenzofuran=10.50 %
N
Mean absolute deviation= (1/N) S|(xpr< -*(expt.) / (x , |
i *1
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in (17). Measuring solid-liquid equilibrium data and fitting 
these points to obtain binary parameters using an optimization 
technique, introduces more error. However, for the
tetralin-biphenyl-dibenzofuran system solid-solid interactions 
are significant.
The predicted values of saturated composition using 
regular solution theory are listed in the fourth column of 
Tables 7.6 and 7.7. Table 7.8 shows the mean absolute 
percentage deviation between experimental and predicted 
values for the two systems. Regular solution theory could 
predict naphthalene composition within 6% and biphenyl 
composition within 23% for the system cis-decalin (1)-
naphthalene(2)-biphenyl(3). For tetralin(1)-biphenyl(2)- 
dibenzofuran (3) system, it predicted the biphenyl 
composition within 13% and dibenzofuran composition within 
8%. Therefore, we can say that the regular solution theory 
was really not very successful in predicting the saturation 
curve for these two systems.
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(1)
(2 )
(3)
(4)
(5)
(6)
(7)
(8)
(9 )
(10)
(11)
(1 2)
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GLOSSARY
Ai j UNIQUAC binary parameter, J/mole
ACpj Tm difference of molar specific heat capacity
between those of liquid and solid at melting point 
, J/mole K
m number of component
P pressure, mm Hg.
Pj” * vapor pressure, mm Hg.
R gas constant
T temeperature, K
melting point temperature, K
Av. difference in molar volume between liquid and
solid, cm5/ mole
Vj molar volume of component i
Xj mole fraction of j
Greek Letter
Y activity coefficient
S solubility parameter
<p volume fraction
1 as defined in equation (1)
Subscript
i component i
ij mixture of i and j
CHAPTER 8
CONCLUSIONS
Pure component vapor pressures have been measured for 
three solvents and four solutes at temperatures between 170 
and 190 °c using a Fisher recirculating still. These vapor 
pressure data are compared with the data available in the 
literature. In general, the agreement between measured
pressures and pressures reported in the literature is good. 
Vapor pressure data are also fitted with a three constant 
Antoine equation.
Isothermal vapor-liquid equilibrium data for fifteen 
binary and eight ternary systems containing heavy aromatic
compounds have also been measured at 170 and 190 °C. The 
binary vapor-liquid equilibrium data were tested for 
thermodynamic consistency using a method described by 
Fredenslund and were found to be thermodynamically
consistent for all fifteen systems. Binary vapor-liquid 
equilibrium data were also regressed using the maximum 
likelihood method and were correlated using five different 
thermodynamic activity coefficient models to get the binary 
interaction parameters. It was observed that for most of 
the systems, the root-mean-squared deviations between
experimental and calculated pressure, temperature, and 
liquid and vapor phase mole fractions were less than the
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experimental errors. However, for a few systems, the
deviation were found to be more than expected. It was also
found that each of the models works very well for these
moderately non-ideal systems. The binary vapor-liquid
equilibrium data were also compared with those predicted 
using regular solution theory using bubble point 
calculations. Regular solution theory predicted bubble 
point pressure within an average absolute deviation (AAD) of 
2% and vapor phase mole fraction of heavy components within 
10% for the binary systems.
The binary interaction parameters obtained from the 
binary data using the UNIQUAC and Margules equations were 
used in the extended UNIQUAC and Hargules equations for 
multicomponent mixtures to predict ternary vapor-liquid 
equilibrium curves for eight ternary systems. It was 
found that both the UNIQUAC and Hargules equations could 
predict the bubble point pressure within an AAD of 5% and 
Vapor phase mole fractions within an AAD of 11%. 
Scatchard-Hildebrand regular solution theory was also used 
to predict the bubble point pressure and vapor phase mole 
fractions. The regular solution theory predicted the
bubble point pressure within 3% and vapor phase mole 
fractions within 11% for these eight systems containing 
heavy aromatic compounds.
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Solid-liquid equilibrium (SLE) data have also been 
measured for five solutes in cis-decalin from 
ambient to the melting point of the solutes. These data 
along with SLE data of Coon et al., (1988) have been utilized
to predict vapor-liquid equilibrium for ten binary 
systems using the UNIQUAC model. The solid-liquid 
equilibrium data alone did not predict the vapor-liquid 
equilibrium curve very well. However, encouraging results 
were obtained when solid-liquid equilibrium data were 
combined with one vapor-liquid equilibrium point for a 
binary system to predict the vapor-liquid equilibrium curve 
for that system. In this dissertation, solid-liquid and 
vapor-liquid equilibrium data have also been combined 
using the UNIQUAC model to obtain global parameters for the 
systems studied. These reported global parameters can be be 
used from ambient temperature to about 2 00 °C.
Solid-liquid equilibrium phase diagrams for two ternary 
systems containing two polynuclear aromatic solutes in a 
heavy solvent have also been measured at 25 °C. These 
saturation curves have also been predicted using the binary 
parameters obtained from the regression of binary data and 
the UNIQUAC model. The UNIQUAC model has predicted the 
saturation curves very well for both ternary systems. The 
experimental data points have also been compared with those 
predicted using regular solution theory. It was observed
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that regular solution theory did not predict the saturation 
curves satisfactorily for these two systems.
CHAPTER 9
RECOMMENDATIONS POR FUTURE STUDY
In this research, we have measured vapor-liquid and 
solid-liquid equilibria of polynuclear aromatic compounds 
quite accurately. However, there is always room for 
improvement in accuracy. The following modifications are 
suggested in the experimental set-up for vapor-liquid and 
solid-liquid studies.
(i) Vapor-Liquid Equilibrium
(a) Distillation of all pure compounds using a spinning
band column to increase their purity.
(b) Addition of a cooling system with automatic
temperature control.
(c) Detection of system leaks by Mass Spectrometric Leak 
Detection (MSLD) Technique.
(d) Placing of the still in a fume hood so that VLE of
other systems containing toxic substances such as 
aniline, quinoline, acridine etc. can be studied.
(ii) Solid-Liquid Equilibrium
(a) Replacement of the mercury in glass thermometer with a 
platinum RTD.
(b) Addition of a cooling system to obtain data at low 
temperatures.
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(c) Using laser to control heating rate of oil bath.
With these modifications, further study of vapor-liquid 
equilibria of other binary systems containing heavy
aromatics, i.e., m-cresol, quinoline, thioxanthene,
pyridine, phenyl ether, acridine, xanthene, l-naphthol, and
pyrene can be performed. Also solid-liquid equilibrium data 
can be used to predict vapor-liquid equilibrium for these 
highly non-ideal systems, both at low and high temperatures. 
I also recommend testing of the validity of extended 
UNIQUAC, Margules, and regular solution theory for the
quaternary and other highly non-ideal systems.
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